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ABSTRACT
We present an analysis of stellar populations in passive galaxies in seven massive X-ray clusters at z = 0.19− 0.89.
Based on absorption line strengths measured from our high signal-to-noise spectra, the data support primarily passive
evolution of the galaxies. We use the scaling relations between velocity dispersions and the absorption line strengths
to determine representative mean line strengths for the clusters. From the age determinations based on the line
strengths (and stellar population models), we find a formation redshift of zform = 1.96
+0.24
−0.19. Based on line strength
measurements from high signal-to-noise composite spectra of our data, we establish the relations between velocity
dispersion, ages, metallicities [M/H] and abundance ratios [α/Fe] as a function of redshift. The [M/H]–velocity
dispersion and [α/Fe]–velocity dispersion relations are steep and tight. The age–velocity dispersion relation is flat,
with zero point changes reflecting passive evolution. The scatter in all three parameters are within 0.08–0.15 dex at fixed
velocity dispersions, indicating a large degree of synchronization in the evolution of the galaxies. We find indication
of cluster-to-cluster differences in metallicities and abundance ratios. However, variations in stellar populations with
the cluster environment can only account for a very small fraction of the intrinsic scatter in the scaling relations.
Thus, within these very massive clusters the main driver of the properties of the stellar populations in passive galaxies
appears to be the galaxy velocity dispersion.
Keywords: galaxies: clusters: individual: Abell 1689 / RXJ1311.4–0120 – galaxies: clusters: indi-
vidual: Abell 115 / RXJ0056.2+2622 – galaxies: clusters: individual: RXJ0027.6+2616
– galaxies: clusters: individual: RXJ1347.5–1145 – galaxies: evolution – galaxies: stellar
content.
ijorgensen@gemini.edu, kchiboucas@gemini.edu, eberkson@harris.com, osmith11@alaska.edu, takamiya@hawaii.edu, avillaum@ucsc.edu
21. INTRODUCTION
A fundamental question in many investigations of in-
termediate and high-redshift galaxies is how these galax-
ies may evolve into their observed counter parts at lower
redshifts (e.g., Treu et al. 2005; Renzini 2006 and refer-
ences therein; Faber et al. 2007; Saglia et al. 2010; Barro
et al. 2014; Choi et al. 2014; Jørgensen et al. 2014; Kriek
et al. 2016). Studies of galaxies in low redshift clusters
are also often framed around the same question of how
these galaxies came to have their current properties. As
examples, Roediger et al. (2011) studied stellar popula-
tions in the Virgo cluster based on deep photometry,
while McDermid et al. (2015) studied stellar popula-
tions of field and Virgo galaxies based in the ATLAS-3D
spectroscopic sample. Both studies aim to understand
the evolutionary processes that lead to the properties of
these local galaxies.
One of the main issues is to what extent all galax-
ies share a common evolutionary path and if so can we
identify the main driver(s) of the evolution and establish
whether these are related to internal properties of the
galaxies or properties of the cluster environment (e.g.,
Mateus et al. 2007; Muzzin et al. 2012). It is clear that
the galaxy populations of the field and the dense cluster
cores are different as first established by Dressler (1980)
in the now classical paper on the morphology-density
relation. It is also recognized that there is morpholog-
ical evolution as a function of redshift as spirals and
irregulars are transformed into passive bulge-dominated
galaxies (Dressler et al. 1997; Smith et al. 2005). How-
ever, if we focus on the already passive galaxies at all
redshifts, the question remains to what extent are their
properties driven by internal properties of the galaxies
(e.g., mass or velocity dispersion, Muzzin et al. 2012;
McDermid et al. 2015) or by the environment in which
they reside.
To properly compare galaxies at different redshifts and
use them as snapshots of a possible common evolution-
ary path, the high redshift galaxies must be valid pro-
genitors for the low redshift galaxies (see van Dokkum
& Franx (2001) for a detailed discussion of progenitor
bias). In addition, the environment of the high redshift
galaxies must be a valid progenitor environment for the
environment of the low redshift galaxies.
Simulations predict that the masses of the clusters
grow over time (van den Bosch 2002; Fakhouri et al.
2010; Correa et al. 2015), a fact that also has to be taken
into account when attempting to study galaxies in in-
termediate redshift clusters that are meant to be valid
progenitor environments for the environments found in
low redshift massive clusters like the Coma and Perseus
clusters. Galaxies in the cores of massive clusters can
be expected to remain in the clusters as both the clus-
ters and the galaxies evolve (e.g., Biviano & Poggianti
2009). Thus, by studying galaxies in cores of massive
clusters we partially solve one of the progenitor issues of
tying together progenitors at high redshift with resulting
galaxies and environments at lower redshift. However,
some galaxies found in the cores of low redshift clusters
(or in projection) may have entered the cluster later.
Thus, not all galaxies in the cores of low redshift clus-
ters may be the product of galaxies that were also in the
cores of clusters at z ∼ 1.
Once a galaxy is bulge-dominated it is likely to remain
bulge-dominated, as it is very difficult to disrupt a high-
density bulge (Brooks & Christensen 2016 and references
therein). Thus, bulge-dominated high-redshift galaxies
must be the progenitors of some of the bulge-dominated
galaxies at lower redshift. However, the progenitors of
some low redshift bulge-dominated galaxies were most
likely disk galaxies at higher redshifts and only recently
at z < 0.5 became passive bulge-dominated galaxies on
the red sequence, see e.g., Saglia et al. (2010, EDisCS).
Scaling relations between absorption line strengths
and velocity dispersions of passive bulge-dominated
galaxies offer tools to study the evolution with redshift
of these galaxies as well as how the stellar populations
are related to their velocity dispersions (or masses).
Studies of local samples of passive galaxies show tight
correlations with velocity dispersions both for the line
indices and the derived ages, metallicities [M/H] and
abundance ratios [α/Fe], see, e.g., Jørgensen (1999) and
Trager et al. (2000) for the first comprehensive results
in this area.
More recent investigations of passive z ≈ 0 galaxies
have also been focused on determining possible correla-
tions between ages, [M/H] and [α/Fe] and the velocity
dispersion of the galaxies as well as the scatter of these
correlations, e.g., Thomas et al. (2005, 2010), Harrison
et al. (2011) and references therein. In particular, these
studies find correlations between ages and velocity dis-
persions with fairly steep slopes. Kelson et al. (2006)
presented one of the earliest attempts to determine such
detailed parameters for stellar populations at interme-
diate redshifts using measurements of line strengths of
passive galaxies in a z = 0.33 cluster. These authors
found that only the metallicities were strongly corre-
lated with the velocity dispersions, while ages and abun-
dance ratios did not depend on the velocity dispersions.
More recently, Choi et al. (2014) investigated this issue
using stacked spectra of a large sample of galaxies cov-
ering from z = 0.7 to the present. Their results show
a rather weak correlation between galaxy masses and
metallicities, while [Mg/Fe] (or equivalently [α/Fe]) de-
pends strongly on the galaxy mass. The mean ages are
also correlated with galaxy mass. However, the samples
are too shallow to detect possible correlations beyond
z = 0.4. Thus, we lack consensus on whether these re-
lations are already in place early on in the evolution
of the galaxies, and also whether these relations evolve
with redshift. In particular, if the steep age-velocity dis-
persion relation found at z ≈ 0 is evolved ”backwards”
to higher redshift, under the assumption of passive evo-
3Table 1. Cluster Properties
Cluster Redshift σcluster L500 M500 R500 Nmember Ref.
km s−1 1044erg s−1 1014M⊙ Mpc
(1) (2) (3) (4) (5) (6) (7) (8)
Perseus = Abell 426 0.0179 1277+95
−78 6.217 6.151 1.286 63 Z1990
Abell 194a 0.0180 480+48
−38 0.070 0.398 0.516 17 Z1990
Coma = Abell 1656 0.0231 1010+51
−44 3.456 4.285 1.138 116 Z1990
RXJ1311.4–0120 = Abell 1689 0.1865± 0.0010 2182+150
−163 12.524 8.392 1.350 72 J2017
RXJ0056.2+2622 = Abell 115 0.1922± 0.0008 1444+119
−140 7.485 6.068 1.206 58 J2017
RXJ0056.2+2622Nb 0.1932± 0.0010 1328+213
−334 3.935 4.100 1.058 12 J2017
RXJ0056.2+2622Sb 0.1929± 0.0010 1218+164
−206 4.094 4.200 1.067 22 J2017
RXJ0027.6+2616 0.3650± 0.0009 1232+122
−165 8.376 5.684 1.108 34 J2017
RXJ0027.6+2616 group 0.3404± 0.0003 172+29
−47 · · · · · · · · · 9 J2017
RXJ1347.5-1145c 0.4507± 0.0008 1259+210
−250 8.278 5.264 1.046 43 J2017
MS0451.6–0305 0.5398± 0.0010 1450+105
−159 15.352 7.134 1.118 47 J2013
RXJ0152.7–1357 0.8350± 0.0012 1110+147
−174 6.291 3.222 0.763 29 J2005
RXJ0152.7–1357Nc 0.8372± 0.0014 681 ± 232 1.933 1.567 0.599 7 J2005
RXJ0152.7–1357Sc 0.8349± 0.0020 866 ± 266 2.961 2.043 0.657 6 J2005
RXJ1226.9+3332 0.8908± 0.0011 1298+122
−137 11.253 4.386 0.827 55 J2013
Note—Column 1: Galaxy cluster. Column 2: Cluster redshift. Column 3: Cluster velocity dispersion. Column 4: X-ray
luminosity in the 0.1–2.4 keV band within the radius R500, from Piffaretti et al. (2011), except as noted. Column
5: Cluster mass derived from X-ray data within the radius R500, from Piffaretti et al., except as noted. Column 6:
Radius within which the mean over-density of the cluster is 500 times the critical density at the cluster redshift, from
Piffaretti et al., except as noted. Column 7: Number of member galaxies for which spectroscopy is used in this paper.
Column 8: References for redshifts and velocity dispersions: Z1990: Zabludoff et al. (1990). J2005: Jørgensen et al.
(2005). J2013: Jørgensen & Chiboucas (2013). J2017: This paper.
aAbell 194 does not meet the X-ray luminosity selection criteria of the main cluster sample.
b Re-calibrated X-ray data from Mahdavi et al. 2013, 2014; see Section 3.
c Re-calibrated X-ray data from Ettori et al. 2004; see Section 3.
lution, then the prediction is an even steeper relation in
the past. It has not yet been tested if such a steep rela-
tion exists, and if not how the higher redshift data and
the presence of the low redshift age-velocity dispersion
relation may be reconciled.
The present paper is part of our series of papers
based on the data from our project the ”Gemini/HST
Galaxy Cluster Project” (GCP). The GCP was designed
to study the evolution of the bulge-dominated passive
galaxies in very massive clusters. The project covers
fourteen clusters spanning the redshift interval from
z = 0.2 to z = 1.0. Using the X-ray data from Pif-
faretti et al. (2011), the luminosity limit for the sam-
ple is L500 = 10
44 erg s−1 in the 0.1-2.4 keV band and
within the radius R500 for a ΛCDM cosmology with
H0 = 70 km s
−1Mpc−1, ΩM = 0.3, and ΩΛ = 0.7. The
radius R500 is the radius within which the average clus-
ter over-density is 500 times the critical density of the
Universe at the redshift of the cluster.
For each cluster, we obtain high S/N spectra for 30-
60 candidate cluster members. This usually gives data
for at least 20 passive members in each cluster. The
spectra typically have a S/N per A˚ngstrom in the rest
frame of 20–40 for the highest redshift galaxies, while we
reach S/N=50–200 for z = 0.2 − 0.6 galaxies, sufficient
to reliably measure velocity dispersions and absorption
line strength for individual galaxies. Our samples reach
from the brightest cluster galaxies with typical dynam-
ical masses of Mass ≈ 1012.6M⊙ to galaxies with dy-
namically masses of Mass ≈ 1010.3M⊙, equivalent to
a velocity dispersion of about 100 km s−1. The project
data also include high spatial resolution imaging of the
clusters, primarily obtained with the Advanced Cam-
era for Surveys (ACS) or the Wide Field and Planetary
Camera 2 (WFPC2) on board Hubble Space Telescope
(HST). See Jørgensen et al. (2005) for a more complete
description of the observing strategy for the project.
In our previous papers (Jørgensen et al. 2005;
Jørgensen & Chiboucas 2013) we studied the scaling
relations for three clusters MS0451.6–0305, RXJ0152.7–
1357, and RXJ1226.9+3332 at z = 0.54 − 0.89 and
compared these clusters to our local reference samples.
However, at the time we lacked coverage between z = 0.5
and the present. We also did not attempt to investigate
how ages, metallicities [M/H], and abundance ratios
[α/Fe] might depend on the velocity dispersions of the
4Table 2. Gemini Instrumentation
Parameter GMOS-N GMOS-S
CCDs 3 × E2V 2048×4608 3 × E2V 2048×4608
r.o.n.a (3.5,3.3,3.0) e− (4.0,3.7,3.3) e−
gaina (2.04,2.3,2.19) e−/ADU (2.33,2.07,2.07) e−/ADU
Pixel scale 0.0727arcsec/pixel 0.073arcsec/pixel
Field of view 5.′5× 5.′5 5.′5× 5.′5
Imaging filters g′, r′, i′ g′, r′, i′
Gratings B600 G5303
R400 G5304 R400 G5324
Spectroscopic filter none GG455 G0329
Wavelength rangeb 4000-8100A˚ 4550-8200A˚
aValues for the three detectors in the array.
b The exact wavelength range varies from slitlet to slitlet.
galaxies. In this paper we present the joint analysis of
the spectroscopy of the three z = 0.54−0.89 clusters and
four clusters at z = 0.19−0.45, for which we present new
data. These seven clusters are the most massive in the
GCP at each redshift. We will return to the less massive
GCP clusters in subsequent papers. We establish the
scaling relations for the seven clusters and investigate
how these change with redshift in terms of zero points
and possibly scatter. We also test for dependence on
the cluster environments. Based on composite spectra
of the galaxies (stacked in bins by velocity dispersion),
we derive ages, [M/H] and [α/Fe]. We investigate the
relations between these parameters and the velocity dis-
persions, and to what extent the data are consistent
with passive evolution with a common formation red-
shift. (The formation redshift should be understood as
the approximate epoch of th last major star formation
episode.) It is beyond the scope of the current paper to
attempt an investigation of the detailed star formation
histories of the galaxies. We will return to this issue in
a future paper on the GCP data.
The observational data, with emphasis on the new
data for the z = 0.19 − 0.45 clusters, are described in
Section 2 and in the Appendix. In Section 3 we out-
line the cluster X-ray data used in the analysis. We
establish the cluster redshifts and velocity dispersions,
and discuss the presence of sub-structure in some of the
clusters. In Section 4 we define the final sample of bulge-
dominated passive galaxies used in the analysis and give
an overview of the methods and models used through-
out the paper. The composite spectra are also described
in this section. Our main results are described in Sec-
tions 5 and 6. We discuss the results in Section 7. The
conclusions are summarized in Section 8.
Throughout this paper we adopt a ΛCDM cosmology
with H0 = 70 km s
−1Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.
2. OBSERVATIONAL DATA
Our analysis is based on new data for four massive
X-ray luminous clusters at z = 0.19 − 0.45 as well as
our previously published data for three clusters at z =
0.54−0.89 (Jørgensen et al. 2005; Chiboucas et al. 2009;
Jørgensen & Chiboucas 2013). In those papers we pre-
sented ground-based imaging and spectroscopy as well
as imaging with HST/ACS of the clusters MS0451.6–
0305 (z = 0.54), RXJ0152.7–1357 (z = 0.83), and
RXJ1226.9+3332 (z = 0.89). Our new data cover the
clusters Abell 1689 (z = 0.19), RXJ0056.2+2622 (z =
0.19), RXJ0027.6+2616 (z = 0.36) and RXJ1347.5–1145
(z = 0.45). Further, we use our data for Coma, Perseus
and Abell 194, (Jørgensen et al. 1995ab; Jørgensen 1999;
Jørgensen & Chiboucas 2013; Jørgensen et al. in prep.),
as our local z ≈ 0 reference sample. Table 1 lists the
cluster properties for all the clusters.
Abell 1689 and Abell 115/RXJ0056.2+2622 are part
of the Abell catalog of northern clusters (Abell et al.
1989). RXJ0027.6+2616 was first listed as a cluster in
the Northern ROSAT all-sky (NORAS) X-ray survey by
Bo¨hringer et al. (2000). RXJ1347.5–1145 was discov-
ered as the most X-ray luminous cluster of the ROSAT
clusters (Schindler et al. 1997). The cluster has been
extensively investigated since.
In Sections 2.1 and 2.2 we summarize the new data
for the z = 0.19− 0.45 clusters. The Appendix contains
additional details regarding the new data, all derived
photometric and spectroscopic parameters, grey scale
images of the clusters with X-ray data overlaid, as well
as spectral plots of the member galaxies. Table 2 sum-
marizes the instrumentation used in the observations.
2.1. Imaging of the z = 0.19− 0.45 Clusters
Imaging of Abell 1689, RXJ0056.2+2622 and
RXJ0027.6+2616 was obtained with the Gemini Multi-
Object Spectrograph on Gemini North (GMOS-N),
while RXJ1347.5–1145 was observed with the twin in-
strument GMOS-S on Gemini South. For a full descrip-
5Table 3. GMOS-N and GMOS-S Spectroscopic Data
Cluster Program ID and dates Exposure time Nexp FWHM σinst Aperture Slit lengths S/N
(1) (2) (3) (4) (5) (6) (7) (8) (9)
Abell 1689 GN-2001B-Q-10 14,400,13,800 20 0.76, 0.80 1.492A˚, 84 km s−1 0.75× 2.0, 0.70 6.0–15.0 217
UT 2002 Jan 11–16 + 9960,12000
RXJ0056.2+2622 GN-2003B-Q-21 28,800 + 28,800 24 0.75, 0.66 1.647A˚, 110 km s−1 0.75× 1.4, 0.59 4.0–10.0 146
UT 2003 Jul 27–Oct 10
RXJ0027.6+2616 GN-2003B-Q-21 28,800 + 28,800 24 0.66, 0.56 2.518A˚, 123 km s−1 0.75× 1.4, 0.59 5.0–8.1 155
UT 2003 Aug 26–Sep 26
RXJ1347.5–1145 GS-2005A-Q-27 24,000 + 24,000 20 0.72, 0.90 2.476A˚, 119 km s−1 0.75× 1.4, 0.59 4.8–10.6 57
UT 2005 Mar 7–May 9
Note—Column 1: Galaxy cluster. Column 2: Gemini program ID and dates of observations. Program IDs starting with GN and GS were obtained
with GMOS-N and GMOS-S, respectively. Column 3: Exposure times in seconds. Column 4: Number of useful exposures. Column 5: Image quality
for each mask measured as the average full-width-half-maximum (FWHM) in arcsec of the blue stars, or for Abell 1689 and RXJ0056.2+2622 of
the acquisition stars, included in the masks. The measurement was done at a wavelength corresponding to 5000A˚ in the rest frame of the clusters.
Column 6: Median instrumental resolution derived as sigma in Gaussian fits to the sky lines of the stacked spectra. The second entry is the equivalent
resolution in km s−1 at 4500A˚ in the rest frame of the cluster. Column 7: Aperture size in arcsec. The first entry is the rectangular extraction
aperture (slit width × extraction length). The second entry is the radius in an equivalent circular aperture, rap = 1.025(length× width/pi)
1/2, cf.
Jørgensen et al. (1995b). Column 8: Slit lengths in arcsec. Column 9: Median S/N per A˚ngstrom for the cluster members, in the rest frame of the
clusters.
tion of GMOS-N and its twin, see Hook et al. (2004).
All four clusters were observed using the g′, r′, and i′
filters. The seeing for the observations varied between
≈ 0.5 arcsec and 1.1 arcsec. The imaging was obtained
primarily to aid the sample selection and mask design
for the spectroscopic observations. The observations
were processed using the Gemini IRAF package. Pro-
cessing includes bias subtraction, flat fielding, correction
of signal on all three detectors to electrons, correction
for fringing in r′- and i′-band observations, mosaicing of
the detectors and stacking of the dithered observations
of each field. The stacked images were then processed
with SExtractor (Bertin & Arnots 1996) as described
in Jørgensen et al. (2005). The photometric calibra-
tion for the GMOS-N data relies on the zero points and
color terms established by Jørgensen (2009), while the
GMOS-S data were calibrated using observations of a
photometric standard star field obtained the same night
as the RXJ1347.5–1145 imaging as well as color terms
from the Gemini web pages. The Appendix contains
additional details on the imaging observations and the
processing of these data, as well as derived magnitudes
and colors for the targets in the spectroscopic samples.
The cluster RXJ0056.2+2622 was also imaged with
GMOS-N on Gemini North in the r′ filter in seeing
of 0.33 − 0.35 arcsec. The observations were obtained
with the purpose of determining effective radii and sur-
face brightness of the galaxies. These data will be cov-
ered in our paper Jørgensen et al. (in prep.) on the 2-
dimensional photometry of the galaxies in the clusters.
In the current paper we use preliminary results to ex-
clude disk-dominated galaxies from the analysis. Imag-
ing from HST exists for the three other clusters. We
will also cover these data in Jørgensen et al. (in prep.),
and use the data here only to exclude disk-dominated
galaxies from the analysis. The final sample selection is
described in Section 4.1.
2.2. Spectroscopy of the z = 0.19− 0.45 Clusters
The spectroscopic observations were obtained in
multi-object spectroscopic mode with GMOS-N or
GMOS-S, see Table 3 for an overview of the obser-
vations. Two fields were observed in Abell 1689,
each with two masks. Two fields were observed in
RXJ0056.2+2622with one mask each. RXJ0027.6+2616
and RXJ1347.5–1145 each have one field observed with
two masks. The sample selection for the spectro-
scopic observations was based on the photometry from
the ground-based imaging. Figure 1 shows the color-
magnitude relations with the selection criteria overlaid.
The criteria are summarized in Table 11, in the Ap-
pendix. The selection method is similar to that used for
MS0451.6–0305, RXJ0152.7–1357 and RXJ1226.9+3332
(Jørgensen & Chiboucas 2013), optimizing the inclusion
of member galaxies on the red sequence as well as cov-
ering 3-4.5 magnitudes along the red sequence. For
Abell 1689, RXJ0056.2+2622 and RXJ1347.5–1145 we
also used published redshifts to optimize inclusion of
known members and exclude non-members. At the
time of the sample selection redshifts for Abell 1689
and RXJ0056.2+2622 were taken from NASA/IPAC
Extragalactic Database (NED), while for RXJ1347.5–
1145 we used redshifts from Cohen et al. (2002) and
Ravindranath & Ho (2002). After inclusion of all pos-
sible targets of the highest priority (object classes 1–2
as marked on Fig. 1), remaining space in the mask was
filled with fainter cluster members and/or targets on
the red sequence but without redshifts (object class
6Figure 1. Color-magnitude relations for the four clusters at z = 0.19 − 0.45. The photometry shown on the figure has been
corrected for Galactic extinction, cf. Table 7 in the Appendix. Solid red squares – bulge-dominated members of the cluster
with EW[O II]≤ 5A˚; solid blue squares – members with EW[O II] > 5A˚ and/or disk-dominated. Open points on panel (c)
for RXJ0027.6+2616 are members of the foreground group, see text. Green open triangles – confirmed non-members. Purple
open triangles (panel d) – galaxies for which the obtained spectra do not allow redshift determination. Small black points – all
galaxies in the field. Red lines are the best fit relations for the bulge-dominated member galaxies, excluding galaxies 0.2 mag
bluer than the red sequence and those with significant [O II] emission. Dashed orange lines and numbers visualize the selection
criteria for the spectroscopic samples, see Table 11 in the Appendix. The object class “3” for RXJ1347.5-1145 covers objects
with the same magnitudes and colors as classes “1” and “2”, but without prior redshift information at the time of the sample
selection.
3) if possible, and otherwise with bluer galaxies some
of which can be expected not to be members (object
class 4). The spectroscopic samples are marked on grey
scale figures of the clusters available in the Appendix as
Figures 14–17.
The spectroscopic observations were processed using
the methods described in detail in Jørgensen et al.
(2005) and Jørgensen & Chiboucas (2013). The data
processing results in 1-dimensional spectra calibrated to
a relative flux scale. The spectra were used to derive red-
shifts, velocity dispersions and absorption line strengths.
The spectroscopic parameters were determined using the
same methods as described in Jørgensen et al. (2005).
In particular, the redshifts and velocity dispersions were
determined by fitting the spectra with a mix of three
template stars (spectral types K0III, G1V, and B8V)
using software made available by Karl Gebhardt (Geb-
hardt et al. 2000, 2003). The galaxies that were found
to be members of the clusters were fit in the rest frame
wavelength range 3750–5500A˚. The reader is referred to
Jørgensen & Chiboucas (2013) for a discussion of the
use of template stars rather than (a larger number of)
model spectra for the fitting of the spectra. For consis-
tency with our previous work, we fit the spectra of the
z = 0.19 − 0.45 galaxies using the same template stars
as in Jørgensen & Chiboucas. The results from the tem-
plate fitting are available in the Appendix (Table 13).
The observations covered 34-72 member galaxies in the
four clusters, cf. Table 1.
We determined strengths of absorption lines using
the Lick/IDS definitions (Worthey et al. 1994). In ad-
dition we determined the indices for HδA and HγA as
defined by Worthey & Ottaviani (1997), the HβG in-
dex as defined in Gonza´lez (1993) (see also, Jørgensen
1997 for the index definition), CN3883 and CaHK as
defined in Davidge & Clark (1994), D4000 as defined
by Gorgas et al. (1999), and the high order Balmer
line index HζA as defined by Nantais et al. (2013). For
7galaxies with detectable [O II] emission the strength
of the [O II]λλ3726,3729 doublet was determined as
an equivalent width, EW[O II]. In the following we
refer to the doublet as the “[O II] line”. All mea-
sured absorption line indices and the [O II] equiv-
alent widths are available in the Appendix (Tables
14–15). The typical measurement uncertainties were
established based on internal comparisons, and are
listed in the Appendix, Table 12. In our analysis we
use the Balmer line indices HβG and (HδA +HγA)
′ ≡
−2.5 log (1.− (HδA +HγA)/(43.75 + 38.75))
(Kuntschner 2000) as age sensitive indices, the iron
indices Fe4383 and 〈Fe〉 ≡ (Fe5270 + Fe5335)/2,
and the indices Mgb, CN3883 and C4668 all of
which are sensitive to the abundance ratios [α/Fe],
see Section 4.4. We also use the combination in-
dices [MgFe] ≡ (Mgb · 〈Fe〉)1/2 (Gonza´lez 1993) and
[C4668 Fe4383]≡ C4668 · (Fe4383)1/3
(Jørgensen & Chiboucas 2013), both constructed to be
independent of [α/Fe] for the stellar population models
used in the analysis, see Section 4.4.
3. CLUSTER PROPERTIES: RADII, MASSES,
REDSHIFTS, VELOCITY DISPERSIONS, AND
POSSIBLE SUBSTRUCTURE
As one of our goals is to investigate the possible ef-
fects of cluster environments on the stellar populations
of the galaxies, we here establish consistent X-ray prop-
erties of the clusters, specifically the luminosities, radii
and masses defined based on the radii R500. R500 is
the radius within which the average mass density of the
cluster is 500 times the critical density of the Universe
at the cluster’s redshift. We then address (1) whether
the higher redshift clusters are viable progenitors for
the lower redshift clusters in terms of their masses, (2)
whether the X-ray parameters and the cluster velocity
dispersion follow expected relations, and (3) whether the
clusters show signs of sub-clustering or merging.
3.1. Adopted X-ray Data
We take the cluster catalog from Piffaretti et al. (2011)
as our main source of the X-ray properties of the clus-
ters. This catalog covers most X-ray clusters at z < 1.
However, it treats RXJ0056.2+2622 and RXJ0152.7–
1357 as single clusters, while the X-ray structure and
the distribution of the galaxies show that they are bi-
nary clusters (e.g., Barrena et al. 2007; Maughan et al.
2003). For these clusters we therefore use data from
Mahdavi et al. (2013, 2014), who give X-ray parameters
for the two sub-clusters in RXJ0056.2+2622, and Ettori
et al. (2004), who give X-ray parameters for the two
sub-clusters in RXJ0152.7–1357. We note that Ettori
et al. (2009) also give values for the RXJ0152.7–1357
sub-clusters, but these are significantly larger than the
values in Ettori et al. (2004) and the sum of the masses
as well as the luminosities are inconsistent with the val-
ues from Piffaretti et al. (2011) for the full cluster. For
Figure 2. Calibration of X-ray mass measurements, M500,
from Ettori et al. (2004) and Mahdavi et al. (2013, 2014) to
consistency with Piffaretti et al. (2011). Solid lines – one-to-
one relations. For data from Ettori et al. we find a median
offset in logM500 of 0.23, with an rms of 0.21 for 14 clusters in
common. The dashed line on panel (a) is the one-to-one line
offset with 0.23. The data from Mahdavi et al. are consistent
with Piffaretti et al. The rms in logM500 is 0.14 for the 29
clusters in common. See text for details of the calibration.
other clusters listed in both papers by Ettori et al. the
values are consistent. It is beyond the scope of this
paper to explore the reason for this apparent inconsis-
tency. Because of the increasing evidence that the mass
of RXJ1347.5–1145 initially determined from X-ray data
(and adopted by Piffaretti et al.) may be too large and
that the cluster is experiencing interactions with an in-
falling sub-cluster (Kreisch et al. 2016) we instead adopt
the lower value from Ettori et al. (2004). These authors
correct the X-ray measurements for diffuse X-ray emis-
sion south-east of the main cluster and associated with
the infalling sub-cluster.
We have calibrated the X-ray data from Mahdavi et
al. (2013, 2014) and Ettori et al. (2004) to reach consis-
tency with Piffaretti et al. using the clusters in common.
As necessary, we first convert the published X-ray pa-
rameters to M500 using the equations from Piffaretti et
al. We then determine the offset in logM500 to reach
consistency with Piffaretti et al. When converting be-
tween radii R500, massesM500, and luminosities L500 we
use the relations given by Piffaretti et al. (their Equa-
tions 2 and 3). As needed we also adopt the follow-
ing conversions from Piffaretti et al. L500 = 0.91Ltotal,
R200 = 1.52R500, L500 = 0.96L200. The relation be-
tween R200 and R500 is equivalent to M200 = 1.40M500.
We show the comparisons of M500 from Piffaretti et
al. with data from Ettori at al. (2004) and Mahdavi
et al. (2013, 2014) in Figure 2. The M500 values from
Mahdavi et al. are consistent with those from Piffaretti
et al., while for values from Ettori et al. we subtract 0.23
from logM500 to reach consistency with Piffaretti et al.
Luminosities, L500, and radii, R500, are then derived
from M500 using the equations from Piffaretti et al.
3.2. Cluster Properties and Possible Sub-Structure
8Figure 3. The cluster masses, M500, based on X-ray data
versus the redshifts of the clusters. Blue hexagons – our
local reference sample; green squares - the GCP z = 0.2 − 1
sample. The pairs of slightly smaller points at the same
redshifts as RXJ0056.6+2622 and RXJ0152.7–1357 show the
values for the sub-clusters of these binary clusters. M500
is from Piffaretti et al. (2011), except as noted in Table 1.
Small cyan points – all clusters from Piffaretti et al. shown
for reference. Blue and black lines – mass development of
clusters based on numerical simulations by van den Bosch
(2002). The black lines terminate at Mass=1015M⊙ at z = 0
roughly matching the highest mass clusters at z = 0.1 −
0.2. The blue lines terminate at Mass=1014.8M⊙ at z = 0
matching the mass of the Perseus cluster. The dashed lines
represent the typical uncertainty in the mass development
represented by the numerical simulations.
Figure 3 shows the adopted masses, M500, versus red-
shifts for the full GCP cluster sample. We show typical
models for the growth of cluster masses with time, based
on results from van den Bosch (2002). These models
are in general agreement with newer and more detailed
analysis of the results from the Millennium Simulations
(Fakhouri et al. 2010). The seven z = 0.19 − 0.89 clus-
ters analyzed in the present paper are all very massive
and represent the most massive clusters in the GCP at a
given redshift. With current models for mass evolution
of clusters, their masses at z ≈ 0 would be higher than
those of the Coma and Perseus clusters and close to the
masses of the two very massive local clusters Abell 2029
and Abell 2142 (also marked on Fig. 3). We will in a
future paper investigate those two local clusters to as-
sess if the stellar populations of their passive galaxies
are similar to those of the Coma and Perseus clusters.
For now we will assume that the bulge-dominated pas-
sive galaxies in the seven z = 0.19 − 0.89 clusters are
viable progenitors for bulge-dominated passive galaxies
in Coma and Perseus.
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Figure 4. (a)–(d) Redshift distributions of the spectroscopic
samples. (e)–(h) Distribution of the radial velocities (in the
rest frames of the clusters) relative to the cluster redshifts
for cluster members, v‖ = c(z − zcluster)/(1 + zcluster).
We determined the cluster redshifts and velocity dis-
persions for the z = 0.19− 0.45 clusters using our data
and the bi-weight method by Beers et al. (1990). Fig-
ure 4 shows the redshift distributions of the samples. In
Jørgensen & Chiboucas (2013) we published similar re-
sults for the three higher redshift clusters. Table 1 sum-
marizes redshifts and velocity dispersions for the clus-
ters. Using Kolmogorov-Smirnov tests we found that for
all the clusters the velocity distributions of the member
galaxies are consistent with Gaussian distributions.
In Figure 5 we show the cluster velocity dispersions
versus the X-ray properties of the clusters. At a veloc-
ity dispersion of 2182 km s−1, Abell 1689 deviates from
the expected relations by ∼ 7 times the uncertainty on
the cluster velocity dispersion. The kinematic structure
of the cluster has been studied using very large sam-
ples of redshift data. Czoske (2004) concludes based on
525 member redshifts that the central velocity disper-
sion is ≈ 2100km s−1 and that the central structure of
the cluster is complex. Lemze et al. (2009) analyzed this
9Figure 5. Cluster velocity dispersion versus (a) the X-
ray luminosity L500 and (b) M500 R
−1
500. Data from Table 1.
Large solid circles – the seven z = 0.19− 0.89 clusters; large
open circles – data for the binary clusters RXJ0056.2+2622
and RXJ0152.7–1357; large triangles – Coma and Perseus;
small squares – other GCP clusters (Barr et al. 2005, Hibon
et al. in prep.); Solid lines show the relations L ∝ σ4.4cluster
(panel a) with the slope adopted from Mahdavi & Geller
(2001), and M500 R
−1
500 ∝ σ
2
cluster (panel b). In both cases,
the median zero points are derived from the data, excluding
Abell 1689 and the binary clusters.
data set further, confirming the high central velocity dis-
persion. They also determined a virial cluster mass of
≈ 1.9 · 1015M⊙ (for our assumed cosmology), equiva-
lent to M500 = 1.3 · 10
15M⊙. A similar mass estimate
is found by Umetsa et al. (2015) based on lensing data.
Umetsa et al. as well as Morandi et al. (2011) argue that
the cluster is not spherical. Morandi et al. in particu-
lar state that earlier mass estimates from X-data were
about a factor two too small as spherical symmetry was
assumed. Finally, Andersson & Madejski (2004) used
the temperature of the X-ray gas to argue that Abell
1689 is in fact a merger, something that cannot be de-
tected from the X-ray morphology alone. Thus, we con-
clude that Abell 1689 deviates from the relations shown
on Figure 5 due to (1) the mass being underestimated
and (2) the unrelaxed nature of the center of the cluster
leading to a very high central cluster velocity dispersion.
Barrena et al. (2007) studied the dynamical status of
RXJ0056.2+2622. These authors find that the cluster
consists of two structures in the plane of the sky, see also
the grey scale image with X-ray data overlaid available
in the Appendix Figure 15. Barrena et al. find a total
cluster velocity dispersions of σcluster = 1362
+126
−108 km s
−1
and a redshift of z = 0.1929±0.0005, both in agreement
with our results within the uncertainties. We attempt to
determine the sub-cluster velocity dispersions by defin-
ing likely members of the two sub-clusters from the clus-
ter center distances. We include only galaxies that have
cluster center distances to one or the other of the sub-
cluster centers of less than half the distance between
the centers. The galaxies IDs 191 and 1654 are taken as
defining the southern and northern sub-cluster center,
respectively. We then find cluster velocity dispersions
of the sub-clusters of σcluster = 1200 − 1300 km s
−1 cf.
Table 1, which places the sub-clusters above the mean
relations with the X-ray properties, but with rather large
uncertainties on σcluster, see Figure 5.
Our data show that the field of RXJ0027.6+2616 con-
tains a foreground group at z = 0.3404. Our data in-
clude nine galaxies in this group mostly on the western
edge of the observed field, see Figure 16 in the Appendix.
The velocity dispersion of this group as determined from
the nine galaxies is very low, σ = 172+29−47 km s
−1. These
galaxies were not included in the analysis of the cluster
members.
The cluster velocity dispersion for RXJ1347.5–1145
was also measured by Cohen & Kneib (2002) who found
σcluster = 910 ± 130 km s
−1 based on 47 members, and
by Lu et al. (2010) who based on additional spectro-
scopic observations found σcluster = 1163±97 km s
−1 for
a sample of ≈ 95 members (sample size evaluated from
Fig. 2 in that paper). The result from Lu et al. is in
agreement with our result of 1259+210−250 km s
−1. Lu et al.
state that the result from Cohen & Kneib may be in
error. We confirm that this indeed seems to be the case,
as we find σcluster = 1256
+115
−197 km s
−1 when using the
Cohen & Kneib data. We caution that the results for
this cluster are very sensitive to the exact choice of the
upper limit for the cluster redshift. Had we for example
excluded the three highest redshift galaxies in our sam-
ple, we would have found σcluster = 791
+70
−88 km s
−1. The
Lu et al. sample is significantly larger and less likely to
be affected by small number statistics. Thus, we evalu-
ate that the joint data support a velocity dispersion of
≈ 1150− 1250 km s−1 for this cluster. When combined
with the X-ray data from Ettori et al. (2004), this places
the cluster on the mean relations between the cluster
velocity dispersions and the X-ray properties. Cohen &
Kneib propose that the cluster may be a merger. Later
investigations of the X-ray data of the cluster support
this idea but for different reasons, see e.g., Ettori et al.
(2004) for the discussion of the diffuse X-ray emission
south-east of the main cluster, and the recent study by
Kreisch et al. (2016) based on deep Chandra X-ray ob-
servations.
In summary, four of the seven clusters in our sam-
ple have evidence of non-relaxed structures and/or de-
viate from the expected relations between the cluster
velocity dispersions and the X-ray parameters. These
clusters are Abell 1689, RXJ0056.2+2622, RXJ1347.5–
1347, and RXJ0152.7–1347. RXJ0027.6+2616 has a
foreground group, but this may be at large enough dis-
tance in redshift space to not affect the cluster itself.
MS0451.6–0305 and RXJ1226.9+3332 have no evidence
sub-clustering and also follow the expected relations.
These complicated cluster properties should be kept in
mind when we apply the fairly simple approach of using
either the cluster center distances (in units of R500) or
the product of the cluster center distances and the radial
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velocities relative to the cluster redshifts as parameter-
ization of the cluster environment for a given galaxy.
4. THE FINAL GALAXY SAMPLE AND THE
METHODS
We base our analysis on (1) empirical scaling relations
between the velocity dispersions and the strength of the
absorption lines from the individual spectra, and (2)
ages, metallicities [M/H] and abundance ratios [α/Fe]
derived from composite spectra absorption line indices
using single stellar population models. For the local ref-
erence sample we use luminosity weighted average line
indices in place of determinations from composite spec-
tra.
4.1. Samples
Table 4 summarizes the number of galaxies in each
cluster for which we have data. The table details how
many of these are bulge-dominated passive galaxies with
dynamical masses Massdyn ≥ 10
10.3M⊙ or, equivalently,
log σ ≥ 2.0, and therefore the primary focus of this pa-
per. We use log σ in place of the dynamical masses of
the galaxies, in our investigation of the possible primary
driver of the galaxy properties. We acknowledge that
the two parameters are not fully interchangeable, and
will return to this issue in our upcoming paper in which
we also make use of the 2-dimensional photometry of all
the galaxies.
The sample selection makes use of the Se´rsic index,
nser, (Se´rsic 1968) either from our photometry (Chibou-
cas et al. 2009; Jørgensen & Chiboucas 2013; Jørgensen
et al. in prep.), or for Abell 1689 from Houghton et al.
(2012). We require nser ≥ 1.5 for a galaxy to be con-
sidered bulge-dominated. Galaxies for which we have
no nser measurement, but which appear to be spiral
galaxies based on imaging data, are considered disk-
galaxies for the purpose of the sample selection. Abell
1689 ID 584 is the brightest cluster galaxy and we in-
clude it with the bulge-dominated galaxies even though
Houghton et al. give a Se´rsic index of 1.2. As in our pre-
vious papers, we consider galaxies with equivalent width
of EW[O II]≤ 5A˚ passive (non-emission). This criterion
matches the spectral classifications defined by Dressler
et al. (1999) and used by other researchers, e.g. Sato &
Martin (2006) and Saglia et al. (2010). If the [O II] line
is not included in the spectral coverage, we use the pres-
ence or absence of emission in Hβ and/or [O III]λ5007
to evaluate if a galaxy is passive.
The galaxy RXJ0056.2+2622 ID 1170 was excluded
from the analysis as it is an E+A galaxy dominated by
extremely young stellar populations. Including it in the
determination of especially the scaling relation scatter
would bias the determination and not give a representa-
tive view of the typical scatter of the line strengths for
the cluster’s galaxies. Other E+A galaxies in the sample
are excluded from the analysis as they have log σ < 2.0.
Due to the strong fringing in the GMOS-S observa-
tions of RXJ1347.5–1145 and its effect on the sky sub-
traction we conservatively exclude galaxies with S/N<
25 from the analysis. This removes IDs 444, 513, 657,
and 919 from our analysis. The measurements are still
listed in the tables, but we caution that in particular
the line index measurements are expected to have larger
uncertainties than otherwise adopted for the cluster. In
addition, we remove RXJ1347.5–1145 ID 743 and ID
1011 from the analysis. The GMOS-S imaging shows
ID 743 as double; there is no HST imaging covering this
galaxy. The galaxy also has log σ < 2.0. The spectrum
of ID 1011 appears to be a BL Lac object with a feature-
less optical continuum superimposed on a spectrum of
an old stellar population. Thus, the effect is that all the
line indices are weaker than otherwise expected from an
old stellar population. The object is within 8 arcsec of
a point source in the Chandra X-ray catalog (Evans et
al. 2010).
In the analysis we focus on the bulge-dominated pas-
sive galaxies with dynamical masses Mass ≥ 1010.3M⊙
or log σ ≥ 2.0. The lower limit is set by both the
available local reference sample and the available data
for the intermediate redshift clusters. The number
of bulge-dominated galaxies with low masses (or ve-
locity dispersions) are listed in Column (5) in Table
4. Column (7) in Table 4 gives the number of galax-
ies in each cluster that meets all criteria for being in-
cluded in the analysis. The sample selection for Coma,
Perseus, Abell 194, MS0451.6–0305, RXJ0152.7–1357
and RXJ1226.9+3332 is identical to the selection used
in Jørgensen & Chiboucas (2013). In samples for the
two highest redshift clusters we reach cluster center dis-
tances of Rcl ≈ 1.8R500, while all other cluster samples
only reach Rcl/R500 = 0.8− 1.0. For galaxies in the two
double-clusters RXJ0056.2+2622 and RXJ0152.7–1157,
we use Rcl/R500 derived relative to the sub-cluster cen-
ter closest to the galaxy.
4.2. Composite Spectra
In addition to the measurements for the individual
galaxies, we construct composite spectra with higher
S/N by co-adding the spectra. The spectra are co-added
by velocity dispersion. When possible given the number
of observed galaxies, we use bins of 0.05 in log σ. When
this results in less than three galaxies in a bin and/or low
S/N, we use bins of 0.1 in log σ. The velocity dispersion
bin with log σ < 2.0 contains galaxies that we otherwise
omit from the analysis of the individual measurements,
see Section 4.1. Our analysis in Section 6 focuses on the
blue indices measured from the composites. These mea-
surements and the average velocity dispersions of the
galaxies included in each composite are available in Ta-
ble 16 in the Appendix. We do not attempt to measure
the velocity dispersions directly from the composites.
For our local reference sample in Perseus, we use lu-
minosity weighted average parameters for sub-samples
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Table 4. Samples
Bulge-dominated
Cluster Nmembers Ndisk Nemis Nlowmass Nhighmass Nsample
(1) (2) (3) (4) (5) (6) (7)
Abell 1689 72 3a 6 15 48 48
RXJ0056.2+2622 58 4 4b 11 39 38
RXJ0027.6+2616 34 0 3c 10 21 21
RXJ1347.5-1345 43 1d 1 6 35 31
MS0451.6–0305 47 9 1 0 37 34
RXJ0152.7–1357 29 3 3 2 21 21
RXJ1226.9+3332 55 6 7 2 38 28
Note—Column 1: Galaxy cluster. Column 2: Number of members with available
spectroscopy; Column 3: Number of disk galaxies. Column 4: Number of bulge-
dominated galaxies with Mass < 1010.3M⊙ or, equivalently, log σ < 2, see text, the
sample includes 3 E+A galaxies in Abell 1689, 1 E+A galaxy in RXJ0056.2+2622.
Column 5: Number of bulge-dominated with emission with Massdyn < 10
10.3M⊙
or, equivalently, log σ < 2. Column 6: Number of bulge-dominated passive galax-
ies with Massdyn ≥ 10
10.3M⊙ or, equivalently, log σ ≥ 2. Column 7: Number of
bulge-dominated passive galaxies in the final samples, which exclude E+A galax-
ies, galaxies in RXJ1347.5-1345 with S/N<25 per A˚ in the rest frame, galaxies in
MS0451.6–0305 for which the spectra a contaminated by signal from neighboring
objects (cf. Jørgensen & Chiboucas 2013), and galaxies in RXJ1226.9+3332 with
S/N<20.
a Includes ID 972, ID 752, excludes the BCG ID 584.
b ID 1296 has Hβ and [O III] emission. The spectrum does not cover [O II].
c IDs 51 and 545 have significant emission fill in of the Hβ and are included in the
emission line galaxies.
d ID 195 based in visual inspection of imaging, see text.
of galaxies using the same binning as described above
for the higher redshift galaxies. The average parame-
ters for the Perseus sub-samples are also listed in Table
16 in the Appendix.
4.3. Adopted Scaling Relations
We adopt the empirical scaling relations and zero
points for the local reference sample and the z = 0.5−0.9
clusters from Jørgensen & Chiboucas (2013). These re-
lations were established using a fitting technique that
is very robust to outliers. It minimizes the sum of the
absolute residuals perpendicular to the relation, deter-
mines the zero points as the median, and uncertainties
on the slopes using a boot-strap method, see Jørgensen
et al. (2005) and Jørgensen & Chiboucas (2013) for de-
tails. As in those papers, we then determine the random
uncertainties on the zero point differences, ∆γ, between
the intermediate redshift and local reference samples as
σ∆γ =
(
rms2low−z/Nlow−z + rms
2
int−z/Nint−z
)0.5
(1)
Subscripts “low-z” and “int-z” refer to the local refer-
ence sample and one of the intermediate redshift clus-
ters, respectively. Only the random uncertainties are
shown on the figures in the following. We expect the
systematic uncertainties on the zero point differences to
be dominated by the possible inconsistency in the cal-
ibration of the velocity dispersions, 0.026 in log σ, and
may be estimated as 0.026 times the coefficient for log σ,
see also Jørgensen et al. (2005).
4.4. Stellar Population Models
We use single stellar population (SSP) models in the
interpretation of the data. In Jørgensen & Chiboucas
(2013) we discussed the differences and similarities of the
models from Thomas et al. (2011) and Schiavon (2007).
Since then, new models taking into account variations
in abundance ratios have been published by Vazdekis et
al. (2015). Vazdekis assumes that at fixed metallicity,
non-α elements, including C, N, and Na, decrease in
abundance when [α/Fe] increases. Magnesium is used
as a proxy for all α-elements. Thomas et al. on the
other hand assume that the elements C, N and Na track
the α-elements in abundance ratios.
We used the model spectral energy distributions
(SEDs) available for the Vazdekis models to test if these
models for [α/Fe] > 0 can reproduce the line strengths
found in our cluster galaxy samples. Our test shows
that the models fail to reproduce the strong CN3883
and C4668 indices present in the galaxies that also have
strong Mgb indices. Thus, the underlying assumption of
a decrease in C and N with increasing Mg abundances
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Table 5. Scaling Relations
Relation Abell 1689 RXJ0056.2+2622 RXJ0027.6+2616 RXJ1347.5–1145
γ Ngal rms γ Ngal rms γ Ngal rms γ Ngal rms
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
(HδA + HγA)
′ = (−0.085 ± 0.015) log σ + γ 0.096 46 0.02 0.105 36 0.02 0.122 21 0.01 0.127 31 0.02
log HβG = (−0.24± 0.04) log σ + γ 0.826 46 0.04 0.837 38 0.04 0.817 21 0.05 0.856 31 0.08
CN3883 = (0.29± 0.06) log σ + γ -0.361 37 0.05 -0.390 29 0.05 -0.372 20 0.04 -0.433 20 0.03
log Fe4383 = (0.19± 0.07) log σ + γ 0.261 47 0.05 0.231 38 0.07 0.214 21 0.06 0.202 31 0.11
log C4668 = (0.33± 0.08) log σ + γ 0.107 40 0.06 0.094 26 0.09 0.073 21 0.10 0.054 31 0.10
logMgb = (0.294± 0.016) log σ + γ 0.010 48 0.04 -0.015 37 0.05 -0.014 21 0.04 -0.034 31 0.05
log 〈Fe〉 = (0.118± 0.012) log σ + γ 0.193 48 0.07 0.197 37 0.07 0.142 21 0.06 0.183 29 0.07
Note—Column 1: Scaling relation adopted from Jørgensen & Chiboucas (2013). Column 2: Zero point for the Abell 1689 sample. Column
3: Number of galaxies included from the Abell 1689 sample. Column 4: rms in the Y-direction of the scaling relation for the Abell 1689
sample. Columns 5–7: Zero point, number of galaxies, rms in the Y-direction for the RXJ0056.2+2622 sample. Columns 8–10: Zero point,
number of galaxies, rms in the Y-direction for the RXJ0027.6+2616 sample. Columns 11–13: Zero point, number of galaxies, rms in the
Y-direction for the RXJ1347.5–1145 sample.
appears to not be supported by the data. We therefore
proceed as done in Jørgensen & Chiboucas (2013), using
the models from Thomas et al.
In Jørgensen & Chiboucas (2013) we established an
empirical relation between CN2 and CN3883, Eq. 4
in that paper: CN3883 = (0.84 ± 0.13)CN2 + 0.146.
We have confirmed that this relation if also valid for
the full sample used in the present paper. As done
in Jørgensen & Chiboucas (2013), we use the relation
to transform the Thomas et al. model predictions for
CN2 to predictions for CN3883. We use the models
for a Salpeter (1955) initial mass function (IMF). In
Jørgensen & Chiboucas (2013) we derived model rela-
tions linear in the logarithm of the age, the metallicity
[M/H], and the abundance [α/Fe]. We use these re-
lations (Table 9 in that paper) to aid our analysis in
the following. While traditionally, one may have con-
sidered the various indices as primarily tracking one of
the quantities age, [M/H] or [α/Fe], as shown by the
relations, and first described by Worthey (1994) and
Worthey & Ottaviani (1997) (see also Tripicco & Bell
1995), all the line indices depend on all three physi-
cal quantities. The Balmer line strengths decrease with
increasing ages, while all the metal line strengths in-
crease. The metal line strengths increase with increasing
[M/H] while the Balmer lines strengths decrease. The
dependence on [α/Fe] is more complicated, with the iron
line strengths decreasing with increasing [α/Fe], and all
other metal line strengths increasing. The Balmer line
strengths also increase with [α/Fe], but in general less
so than the metal line strengths.
Having established which set of SSP models we use, we
next turn to models for the star formation history. We
evaluate models that assume passive evolution over the
time period covered by the redshifts of the observed clus-
ters. For our adopted cosmology, the look-back time to
z = 0.89, the highest redshift covered by our data, is 7.3
Gyr. Thus, we assume that following the initial period
of star formation, the bulge-dominated passive galax-
ies in our samples evolve passively, without any further
star formation. As is common practice, we parameter-
ize these models using a formation redshift zform, which
should be understood to be the approximate epoch of
the last major star formation episode.
In our analysis we also use the results from Thomas
et al. (2005, 2010) on the relations between the velocity
dispersions, ages, metallicities [M/H], and abundance
ratios [α/Fe]. In particular, as a consequence of the re-
lation between velocity dispersions and ages at z ≈ 0
the formation redshift zform must depend on the galaxy
velocity dispersion. With that prediction we can then
derive predictions for ages and line indices as a func-
tion of redshift and galaxy velocity dispersion. We show
those predictions in relevant figures in the following.
Our analysis implicitly assumes that the galaxies we
observe in the higher redshift clusters can be considered
progenitors to the galaxies in the clusters at lower red-
shifts. As discussed in detail by van Dokkum & Franx
(2001) this may not be a valid assumption. In Section
7 we return to this issue of progenitor bias.
5. THE SCALING RELATIONS: LINE INDICES
VERSUS VELOCITY DISPERSIONS
In Figures 6 and 7 we show the relations between
the velocity dispersions and the indices in the visual
(HβG, Mgb, 〈Fe〉) and in the blue ((HδA +HγA)
′, C4668,
Fe4383, CN3883), respectively. These figures are based
on the measurements for the individual galaxies. For
clarity, we have included on the figures all seven clus-
ters and the local reference sample. The panels for
MS0451.6–0305, RXJ0152.7–1357 and RXJ1226.9+3332
are similar to figures presented in Jørgensen & Chibou-
13
Figure 6. Absorption line strengths versus velocity dispersions for the line indices in the visible (HβG, Mgb, and 〈Fe〉). The
figure shows measurements for individual galaxies. Panels (a)–(c) Pink circles – Abell 1689; blue squares – RXJ0056.2+2622.
Panels (d)–(f) Cyan diamonds – RXJ0027.6+2616; green circles – RXJ1347.5–1145. Panels (g)–(i) Yellow squares – MS0451.6–
0305. Smaller points show data for galaxies with log σ < 2.0 (Abell 1689, RXJ0056.2+2622, RXJ0027.6+2616, RXJ1347.5–1145).
Black triangles – The local reference sample shown on all panels for reference. Typical errors bars are shown on the panels
color coded to match the symbols. Black lines – best fits for the local reference sample (Jørgensen & Chiboucas 2013). Lines
color-coded to match the symbols – the scaling relation offset to the median zero point of each cluster sample.
cas (2013) and show the same data as in that paper. The
zero points and scatter for the four clusters with new
data are summarized in Table 5. For the other clusters
we refer to Table 10 in Jørgensen & Chiboucas (2013).
From Figures 6 and 7 we find that the z = 0.19 − 0.89
clusters follow scaling relations between velocity disper-
sions and line indices with similar slopes as found for the
local reference sample. In the following, we summarize
our results regarding the scatter relative to the relations,
we investigate possible dependence on the cluster envi-
ronment, and we establish the zero point differences as
a function of redshift.
5.1. Scatter in the Relations
Figure 8 shows the measured scatter as well as the in-
trinsic scatter in the relations as a function of redshift.
We derive the intrinsic scatter from the measured scat-
ter by subtracting off in quadrature the adopted typical
measurement uncertainties for the line indices. The un-
certainties are given in the Appendix (Table 12) for the
z = 0.19 − 0.45 clusters and in Jørgensen & Chibou-
14
Figure 7. Absorption line strengths versus velocity dispersions for the line indices in the blue ((HδA +HγA)
′, C4668, Fe4383,
and CN3883). The figure shows measurements for individual galaxies. Panels (a)–(d) Pink circles – Abell 1689; blue squares
– RXJ0056.2+2622. Panels (e)–(h) Cyan diamonds – RXJ0027.6+2616; green circles – RXJ1347.5–1145. Panels (i)–(l) Yellow
squares – MS0451.6–0305; orange diamonds – RXJ0152.7–1357; red squares – RXJ1226.9+3332. Smaller points show data for
galaxies with log σ < 2.0 (Abell 1689, RXJ0056.2+2622, RXJ0027.6+2616, RXJ1347.5–1145, or Mass < 1010.3M⊙ (RXJ0152.7–
1357, RXJ1226.9+3332). Black triangles – The local reference sample shown on all panels for reference. Typical errors bars
are shown on the panels color coded to match the symbols. Black lines – best fits for the local reference sample (Jørgensen &
Chiboucas 2013). Lines color-coded to match the symbols – the scaling relation offset to the median zero point of each cluster
sample.
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Figure 8. The scatter in the scaling relations for the
clusters as a function of redshift. Open points – measured
scatter; solid points – intrinsic scatter.
cas (2013) for the higher redshift clusters. For the local
reference sample, we adopt as typical measurement un-
certainty for each line index the median of the individual
uncertainties. As shown on Figure 8, in a few cases the
resulting intrinsic scatter in a relation is zero. This likely
is due to overestimated measurement uncertainties.
From Figure 8 we conclude that all the relations have
intrinsic scatter. The scatter in a given relation is
similar for all clusters, except for the scatter in the
Fe4383-velocity dispersion relation for RXJ0152.7–1357
at z = 0.83. In Jørgensen et al. (2005) we found this
cluster to have very high average abundance ratio [α/Fe]
due to galaxies with low Fe4383 indices. These are the
galaxies causing the high scatter in the Fe4383-velocity
dispersion relation. We used Kendall’s τ rank order tests
to evaluate if correlations may be present between the
intrinsic scatter in any of the relations and the redshifts
of the clusters. We omitted from the tests any measure-
ments with an intrinsic scatter found to be zero, as well
as the very low scatter measurement for the MS0451.6–
0305 C4668-velocity dispersion relation. We find possi-
ble correlations with redshift for the scatter in 〈Fe〉 and
C4668, for which the probability of no correlation being
present is 0.5% and 1.5%, respectively. It requires data
for significantly more clusters to firmly establish these
possible correlations. In all other cases no significant
correlations were found.
The intrinsic scatter in the relations can in princi-
ple be used to set limits on the scatter in ages and/or
metallicities and abundance ratios of the stellar popu-
lations in the galaxies. In doing so we use the model
relationships between line index strengths, age, metal-
licity, and abundance ratios established in Jørgensen
& Chiboucas (2013). If we assume that only the ages
vary at a given velocity dispersion, then the scatter in
the (HδA +HγA)
′-velocity dispersion relation of 0.015
translates to an age scatter of only 0.12 dex. Simi-
larly, the scatter in the HβG-velocity dispersion rela-
tion of 0.045 gives an age scatter of 0.20 dex. These
results point towards very large degree of synchroniza-
tion of the star formation history for passive galaxies at
a given velocity dispersion. The scatter in the Mgb and
Fe4383 relations imply similarly low age scatter. How-
ever, the larger scatter in the other three metal-line re-
lations (〈Fe〉, C4668, and CN3883) combined with their
dependence on age imply an age scatter of 0.45-0.55 dex.
The dependence on metallicity for these three indices is
a factor 2–4 stronger than their dependence on age (cf.
Jørgensen & Chiboucas 2013). Thus, the larger scatter
in the relations for these indices may be due to scat-
ter in metallicities as well as ages at a given velocity
dispersion.
5.2. Cluster Environment Dependency of the Relations
We have investigated the possible cluster environment
dependency of the scaling relations. We use both the
cluster center distances, Rcl/R500, and the radial ve-
locity of the galaxies relative to the clusters, v||/σcl
in this test. In particular, as shown by Haines et al.
(2012, 2015) in their analysis of clusters extracted from
the Millennium Simulations (Springel et al. 2005), the
phase-space parameter |v|||/σcl·Rcl/R500 provides a one-
dimensional measure within the phase-space diagram ex-
pected to be directly related to the accretion epoch of a
galaxy onto the cluster.
We use Spearman rank order tests to test for correla-
tions between the residuals for all the scaling relations
and both measures of the cluster environment. The test
is performed for both the full samples and samples lim-
ited to Rcl/R500 ≤ 1.0, and to |v|||/σcl · Rcl/R500 ≤ 2
or ≤ 1. This is done to ensure that the results are not
driven by the relatively few galaxies at values above one
in either environment parameter. Figure 9 shows the
residuals of the scaling relations for (HδA +HγA)
′ and
C4668 versus the cluster center distances, Rcl/R500, and
versus |v|||/σcl · Rcl/R500. The panels are labeled with
the probabilities that no correlations are present. The
best fit relations are shown. In addition to the corre-
lations shown on the figure, we also found similar shal-
low but significant correlations for the residuals in Mgb.
No other correlations were significant. In the cases of
correlations between the residuals and environment pa-
rameters, the contribution to the intrinsic scatter in the
relations originating from the environment is very small
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Figure 9. Residuals relative to the scaling relations shown for the line measurements based on the individual spectra, as
a function of the cluster center distances Rcl/R500 or the phase-space parameter |v|||/σcl · Rcl/R500. Symbols as on Figure 7.
Typical uncertainties on the residuals are shown on each panel, color coded to match the clusters. Blue lines – best fits in cases
where the correlations are significant at least at the 2-sigma level. For reference, R200 = 1.52R500, cf. Section 3.
as these relations are very shallow. For example, taking
into account the correlation with environment for the
C4668-velocity dispersion relation reduces the scatter in
the relation by only 2 percent. Thus, in our presentation
of the results regarding the zero points (Section 5.3) we
do not take into account these very weak dependences
on the environment.
5.3. Zero Points of the Relations
On Figure 10 we show the median zero point differ-
ences of the scaling relations for each cluster relative
to the local reference sample. The zero point differ-
ences shown here for MS0451.6–0305, RXJ0152.7–1357
and RXJ1226.9+3332 are from Jørgensen & Chiboucas
(2013). The zero point differences for the four other clus-
ters (Abell 1689, RXJ0056.2+2622, RXJ0027.6+2616
and RXJ1347.5-1137) are based on the new data pre-
sented in the current paper. The zero points are listed
in Table 5. There are no significant zero point differ-
ences between the two sub-clusters in RXJ0056.2+2622
or in RXJ0152.7–1357. Thus, each of these clusters is
treated as one cluster for the purpose of showing the
zero point differences. Predictions of the zero point dif-
ferences based on passive evolution models with forma-
tion redshifts between z = 1.2 and 4 and SSP models
from Thomas et al. (2011) are overlaid on the figure. At
fixed metallicity and abundance ratio for a given velocity
dispersion, these predictions have no significant depen-
dence on the assumed metallicity or abundance ratio,
as shown by the linear parameterization of the models
that we derived in Jørgensen & Chiboucas (2013). In the
passive evolution models the Balmer line indices, HβG
and (HδA +HγA)
′, are expected to be stronger at higher
redshift reflecting the younger stellar populations, while
all the metal indices are expected to be weaker at higher
redshift than at present, cf. Section 4.4.
The zero point differences for the higher order Balmer
lines (HδA +HγA)
′ follow the passive evolution model.
A χ2-fit gives best fit of zform = 6.5 with a 1-sigma
lower limit of zform = 3.1 (Fig. 10d). No upper limit
can be established. However, the zero point differences
for the HβG-velocity dispersion relation are significantly
smaller than expected for the passive evolution models
(Fig. 10a). Equivalently, the HβG indices for the z =
0.19−0.54 clusters are weaker than expected. This may
be due to partial emission fill-in, as explored by Concas
et al. (2017) for galaxies in the Sloan Digital Sky Survey
(SDSS). Due to this evidence, we will in the following
focus on the higher order Balmer lines when discussing
the age differences.
The scaling relations for the metal line indices have
zero point differences that are less straightforward to in-
terpret. The indices 〈Fe〉, C4668 and Fe4383 are in gen-
eral weaker at higher redshift than at present, though
the zero point differences for the scaling relations (Fig.
10c, e and f) show significantly higher scatter relative
to any given passive evolution model than is the case
for (HδA +HγA)
′. The data give 1-sigma lower limits
on zform of 2.0 and 4.3 for 〈Fe〉 and Fe4383, respectively,
consistent with the result based on (HδA +HγA)
′. The
best fit result for C4668 is zform = 1.4
+0.8
−0.3, marginally in-
consistent with the result based on (HδA +HγA)
′. How-
ever, the result is to a large extent driven by the large
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Figure 10. The zero point offsets of the scaling rela-
tions for the z ≥ 0.19 cluster samples relative to the local
reference sample, shown as a function of redshift. Results
for the z = 0.5 − 0.9 clusters are adopted from Jørgensen
& Chiboucas (2013). Predictions from models for passive
evolution based on models from Thomas et al. (2011) are
overplotted, in panel (a) labeled with the assumed forma-
tion redshift zform. Blue solid line – zform = 1.2; blue dashed
line – zform = 1.4; green line – zform = 1.8; red dashed line
– zform = 2.2; red solid line – zform = 4.0. For CN3883 we
adopt the dependence on age established in Jørgensen & Chi-
boucas (2013). On panel (d): Black dashed line – the best
fit zform = 6.5, black dotted line – the best fit 1-sigma lower
limit zform = 3.1, see text for discussion.
zero point difference found for MS0451.6–0305, for which
the scaling relation also has a rather low scatter. The
Mgb and the CN3883 indices are for the majority of the
z ≥ 0.19 clusters significantly stronger than expected
based on the passive evolution models (Fig. 10b and g).
Thus, these indices cannot be used to constrain zform,
but instead may be an indicator of the limitations of the
models. Part of the differences in behavior of the metal
line indices relative to the (HδA +HγA)
′ index may also
be due to cluster-to-cluster variations in the metallici-
ties and abundance ratios. We return to this question
in Section 6.3.
6. STELLAR POPULATIONS: AGES,
METALLICITIES AND ABUNDANCE RATIOS
In this section we estimate ages, metallicities [M/H],
and abundance ratios [α/Fe] of the galaxies in the clus-
ters. We then establish how those parameters depend on
velocity dispersions of the galaxies. We investigate the
changes with the redshifts of the clusters and possible
cluster-to-cluster differences.
6.1. Determination of Ages, Metallicities and
Abundance Ratios
In this investigation, we use the line indices derived
from the composite spectra for the z = 0.19− 0.89 clus-
ters and the luminosity weighted average line indices for
the local reference sample, cf. Section 4.2. This is done
primarily to gain S/N as even with our fairly high S/N
individual spectra, ages, [M/H] and [α/Fe] for the in-
dividual galaxies would have uncertainties as large as
0.3 dex. When we use the indices from the composite
spectra and the luminosity weighted average indices, the
resulting uncertainties on the ages, [M/H] and [α/Fe] are
typically 0.06 dex.
We limit our analysis to determinations based on
indices in the blue wavelength region ((HδA +HγA)
′,
[C4668Fe4383], Fe4383, CN3883), as these are available
for all z = 0.19 − 0.89 clusters in our sample. Figure
11 shows the indices versus each other in the relevant
combinations, and with SSP models from Thomas et
al. (2011) overlaid. As done in Jørgensen & Chibou-
cas (2013) we use the higher order Balmer lines ver-
sus the combination index [C4668Fe4383] to determine
ages and [M/H], as the combination index is constructed
to be independent of [α/Fe]. We use the model grid
for [α/Fe] = 0.3 for this determination. To determine
[α/Fe] we use CN3883 versus Fe4383. We first fit the
[α/Fe] = 0.3 models with a second order polynomial.
Then the abundance ratios are determined from the dis-
tance between a given data point and this polynomial,
measured along the direction of the [α/Fe] dependency
(shown as purple arrows on the figures). To estimate
the uncertainties we add and subtract the adopted un-
certainties on the line indices and derive age, [M/H] and
[α/Fe] at these extreme points in the parameter spaces.
The maximum absolute differences between results from
the extreme points and the result from the measured in-
dices is used as the uncertainty on a given parameter.
See Jørgensen & Chiboucas (2013) for details.
In the following sections we investigate how the de-
rived ages, metallicities and abundance ratios change
with velocity dispersion and with redshift.
6.2. Correlations with Velocity Dispersions
In Figure 12 we show the derived ages, metallicities
[M/H] and abundance ratios [α/Fe] versus the mean ve-
locity dispersion of the spectra making up each compos-
ite spectrum or entering into the luminosity weighted
average line indices. The best least squares fits to the
data are shown as solid blue lines on on the figure. The
relations are summarized in Table 6. The fit to ages
versus velocity dispersion was established as a set of
parallel lines, allowing the zero points for the clusters
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Figure 11. Absorption line strengths versus each other for the line indices derived from the composite spectra, or for the local
reference sample the luminosity weighted average indices. Black triangles – local reference sample (Perseus), pink circles – Abell
1689; blue squares – RXJ0056.2+2622; cyan diamonds – RXJ0027.6+2616; green circles – RXJ1347.5–1145; yellow squares –
MS0451.6–0305; orange diamonds – RXJ0152.7–1357; red squares – RXJ1226.9+3332. Overlaid grids show SSP models from
Thomas et al. (2011). Short-dashed lines – constant metallicity [M/H] = –0.33, 0, 0.35, 0.67 shown. Long-dashed lines –
constant age, ages from 2 to 15 Gyr shown. Green grid – [α/Fe] = 0.0, black grid – [α/Fe] = 0.3, and blue grid – [α/Fe] = 0.5.
The arrows on each panel show the effect on the line indices from changes in age (filled black), metallicity [M/H] (open black)
and [α/Fe] (purple). In all cases, we show the effect of changes of 0.3 dex. Purple lines on panels (d)-(f) show the second order
fit to the models for [α/Fe] = 0.3. These fits are used in the process of determining [α/Fe], see text.
Table 6. Relations for Age, Metallicities and Abun-
dance ratios
Relation rmsmeas rmsint
(1) (2) (3)
log age = (0.10± 0.09) log σ + 0.65a 0.10 0.08
[M/H] = (0.69± 0.09) log σ − 1.35 0.13 0.12
[α/Fe] = (0.86± 0.16) log σ − 1.65 0.17 0.15
Note—Column 1: Best fit relation. Column 2: Scatter of
the relation as rms in the Y-direction. Column 3: Esti-
mated intrinsic scatter.
aRelation fit as parallel lines allowing different the zero
points for each cluster. The table lists the average zero
point for z ≤ 0.19 clusters (Perseus, Abell 1689 and
RXJ0056.2+2622).
to be different for each cluster. The fit is shown for the
average zero point for the z ≤ 0.19 clusters (Perseus,
Abell 1689, RXJ0056.2+2622). Correlations are present
for [M/H] and [α/Fe], while the ages are consistent with
no correlation with the velocity dispersion.
We used the Thomas et al. (2005) relations between
age and velocity dispersion at z ≈ 0 to derive predictions
for the stellar population ages as a function of velocity
dispersion and redshift, under the assumption of passive
evolution. The predictions are shown on panel (a), color
coded to match the clusters at z ≈ 0.0, 0.2, 0.5 and 0.9.
The predictions are in general consistent with the ages,
though our results are also consistent with flat relations
offset from each other as a function of the cluster red-
shifts. We have also shown predictions using the steeper
age-velocity dispersion relation at z ≈ 0 from Thomas et
al. (2010), thin dot-dashed lines on the figure. This rela-
tion results in much steeper relations at higher redshift,
in disagreement with the data at z > 0.5. In Section
7, we address the possible reasons for this disagreement.
The intrinsic scatter in the age-velocity dispersion rela-
tions correspond to a scatter in age of 0.08 dex, cf. Table
6.
The relation between the metallicities [M/H] and
the velocity dispersions is almost identical to the one
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Figure 12. Ages, metallicities [M/H], and abundance ra-
tios [α/Fe] derived from the line indices for the composites,
or for the local reference sample from luminosity weighted
average line indices, shown as a function of the average log σ
for the spectra making up the composites or averages. Sym-
bols as on Fig. 11. Blue solid lines – best least squares fits
to the data. In the case of the ages, the zero points were
allowed to vary from cluster to cluster and the relations are
shown for the average zero point for the z ≤ 0.19 clusters
(Perseus, Abell 1689, RXJ0056.2+2622). Black dashed lines
– Thomas et al. (2005) relations between age, [M/H] and
[α/Fe] and velocity dispersion. In panel (a), the models are
also shown for redshifts z = 0, 0.2, 0.5, 0.9 as black, blue,
green and red, respectively, under the assumption of passive
evolution. Thin dot-dashed lines – similar models, but based
on relations from Thomas et al. (2010).
found by Thomas et al. (2005, 2010). The relation for
the abundance ratios [α/Fe] is marginally steeper than
found by Thomas et al. The steeper slope is almost ex-
clusively driven by a few of the measurements at low
velocity dispersions. The scatter relative to the rela-
tions listed in Table 6 implies intrinsic scatter of [M/H]
and [α/Fe] at fixed velocity dispersion of 0.12 dex and
0.15, respectively. The scatter should be taken as lower
limits since they are based on determinations from com-
posite spectra (or luminosity weighted average line in-
dices), the construction of which may have eliminated
some of the intrinsic scatter present for the individual
galaxies. Even so, we conclude that the [M/H]–velocity
dispersion and [α/Fe]–velocity dispersion relations are
steep and tight at all redshifts covered by our sample.
Neither relation depends on the redshift.
6.3. Variation with Redshift and Cluster-to-Cluster
Differences
Next we investigate the redshift dependency of ages,
metallicities [M/H] and abundance ratios [α/Fe]. Figure
13 summarizes the determinations based on the com-
posite spectra, as well as determinations based on the
index values at log σ = 2.24 on the scaling relations for
the clusters. Thus, the figure shows both representa-
tive median values for each cluster based on the scaling
relations, and the typical scatter in the parameters, pri-
marily due to the dependence on the velocity dispersions
as reflected in the symbol sizes. On panel (a) we show
the predictions from passive evolution models with for-
mation redshifts zform = 1.2 − 4.0. As expected the
dominating trend is the change in age with redshift. A
best fit to the median points for the clusters gives a
formation redshift of zform = 1.96
+0.24
−0.19, shown as the
dashed black line on panel (a). This formation redshift
is lower than found from the zero point differences of
the (HδA + HγA)
′–velocity dispersion relation, see Fig-
ure 10d, for which we find zform ≥ 3.1 as the 1-sigma
lower limit. However, it is also clear that the local ref-
erence sample contains galaxies too young to be the de-
scendants of the galaxies in the high redshift clusters,
if only passive evolution is at work. We discuss this in
more detail in Section 7.1.
The median value of the metallicities [M/H] (Figure
13b) is 0.24, marked with a dashed line. However, as
noted in Jørgensen & Chiboucas (2013), MS0451.6–0305
at z = 0.54 has significantly lower metallicity at [M/H]≈
0.1.
The median value of the abundance ratios [α/Fe]
(panel c) is 0.3, marked with a dashed line. RXJ0152.7–
1357 at z = 0.83 has significantly higher abundance ra-
tio of [α/Fe] ≈ 0.55 (see also Jørgensen et al. 2005).
RXJ1347.5–1347 at z = 0.45 and the local reference
sample (Perseus and Abell 194) have [α/Fe] = 0.14. Ad-
ditional observations to confirm or refute these results
would be very valuable.
7. DISCUSSION
Here we discuss our results in relation to the questions
of the average evolution as a function of redshift, the
role of environment and/or galaxy velocity dispersion in
driving the evolution of galaxies, and the dependency of
ages, metallicities [M/H] and abundance ratios [α/Fe]
on velocity dispersions of the galaxies.
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Figure 13. Ages, metallicities and abundance ratios for
the clusters, versus redshift. Black circles – median values for
each cluster based on the relations between the velocity dis-
persions and the line indices and equivalent to log σ = 2.24,
see text. Median values for the z = 0.5 − 0.9 clusters are
adopted from Jørgensen & Chiboucas (2013). Color coded
points are based on the composite spectra (z = 0.19 − 0.89
clusters) or the luminosity weighted average line indices
(Perseus). The points are color coded as in Figure 11. The
sizes reflect the mean velocity dispersions of the galaxies in-
cluded in each composite or average. Predictions for pas-
sive evolution are overplotted on panel (a), labeled with
the assumed formation redshifts zform. The dashed black
line on panel (a) shows the best fit passive evolution model,
zform = 1.96. The dashed black lines on panels (b), and (c)
mark the median [M/H] and [α/Fe] for all the clusters based
in the individual values equivalent to log σ = 2.24 (black
circles).
7.1. The Average Evolution as a Function of Redshift
The zero point differences of the relations between
the galaxy velocity dispersions and the line indices sup-
port a high formation redshift. The best fit of the
zero point differences for the (HδA +HγA)
′–velocity dis-
persion relation gives zform = 6.5 and a 1-sigma lower
limit of zform ≥ 3.1, cf. Figure 10. However, if we use
the ages derived from the composite spectra we find
zform = 1.96
+0.24
−0.19, cf. Figure 13. The two results can
be reconciled by realizing that the zero point differences
are strongly affected by the fact that the local refer-
ence sample of galaxies in the Perseus cluster contains
galaxies too young to have their progenitors included
in the higher redshift samples, i.e. by progenitor bias
in the samples. See van Dokkum & Franx (2001) for
one of the earliest discussions of progenitor bias. The
difference in look-back time between the two high red-
shift clusters (RXJ0152.7–1357 and RXJ1226.9+3332 at
an average redshift z = 0.86) and Perseus (z = 0.018)
is 6.9 Gyr for our adopted cosmology. To be included
in the passive galaxy sample at any redshift a galaxy
would most likely have to contain stellar populations on
average at least 1 Gyr old, since at younger ages we ex-
pect emission lines strong enough that our criteria on
EW[O II] would exclude such galaxies from the sam-
ple. Thus, as a test we remove from the local reference
sample the 34 galaxies for which (HδA +HγA)
′ versus
[C4668Fe4383] indicate ages less than 8 Gyr. The zero
point of the (HδA +HγA)
′-velocity dispersion relation
for the remaining 31 galaxies is 0.005 lower than found
from the full sample. This in turns affects the zero point
differences for the two high redshift clusters. If we ad-
just the zero point differences for just those two clusters,
realizing that the differences for the other clusters also
ought to be offset, but with smaller amounts, then we
find a best fit 1-sigma lower limit of zform ≥ 2.0. Thus,
the difference between the determination of zform from
the scaling relations and the formation redshift derived
from the ages, may be fully explained as an effect of
the progenitor bias. In addition, the median age of the
galaxies in the local reference sample older than 8 Gyr is
10 Gyr, placing the median value exactly on the best fit
of zform from the ages based on the blue indices, Figure
13. We also note that the ages of the galaxies in the
local reference sample indicate that about half of such
passive cluster galaxies at z ≈ 0 have become passive
since z ≈ 0.9. This is similar to the conclusion reached
by Sa´nchez-Bla´zquez et al. (2009) in their analysis of
line indices of the EDisCS sample of passive galaxies.
It is possible that the main stellar mass of such appar-
ently young galaxies was formed earlier, and that the
measured low ages are caused by later star formation
episodes involving a small fraction of the mass, see dis-
cussion by, e.g., Serra & Trager (2007).
The zero point differences of scaling relations involving
the iron indices (〈Fe〉, Fe4383) give formation redshifts
consistent with the scaling relation for (HδA +HγA)
′,
while the scaling relation for C4668 gives a marginally
lower formation redshift. We note that some of the
largest outliers relative to the expected zero point dif-
ferences for passive evolution are clusters that are also
outliers relative to the median metallicity [M/H] and
abundance ratio [α/Fe] of the clusters. Specifically,
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RXJ0152.7–1357 (z = 0.83), which we found to have
very high [α/Fe], is offset to weaker Fe4383 and stronger
C4668 than expected from zform ≈ 2, Figure 10e and
f. RXJ0027.6+2616 (z = 0.37) and MS0451.6–0305
(z = 0.54), which we found to have lower than median
[M/H], is offset to weaker Mgb, 〈Fe〉, and/or C4668 than
expected.
In the following, we adopt zform = 1.96
+0.24
−0.19 as
our best estimate of a common formation redshift for
the galaxies, under the assumption of passive evolu-
tion. In Jørgensen & Chiboucas (2013) we deter-
mined the formation redshift from the Fundamental
Plane for the three highest redshift clusters, and found
zform = 1.95
+0.3
−0.2 for the massive galaxies and a lower
zform = 1.24 ± 0.05 for the less massive galaxies. Our
results here based on direct age estimates are in agree-
ment with these results though we cannot put tight
constraints on a possible mass (or velocity dispersion)
dependency on zform as done from the FP. Other studies
of the FP for clusters up to z ≈ 1 give similar results for
the massive galaxies, see van Dokkum & van der Marel
(2007), and references therein.
7.2. The Role of Cluster Environment and
Cluster-to-Cluster Differences
We found that the residuals relative to the Mgb-
velocity dispersion and the C4668-velocity dispersion
relation correlate with the cluster center distances and
with the phase-space parameter |v|||/σcl · Rcl/R500. A
weaker correlation may also be present for the residu-
als of the scaling relation for (HδA +HγA)
′. However,
the slopes of the relations are very shallow and the cor-
relations can only explain a very small fraction of the
intrinsic scatter in the relations. None of the other scal-
ing relations show significant dependences on the cluster
environment. We caution that our coverage in cluster
center distances is fairly limited reaching only to R500
for the majority of the clusters, and 1.8R500 for the two
highest redshift clusters in the sample. In addition, the
clusters were on purpose chosen to all be very massive
and thus limit any effect of cluster environment on our
results. Our results are in agreement with the study of
four nearby clusters by Smith et al. (2006). These au-
thors also found that the Mgb-velocity dispersion and
the C4668-velocity dispersion relations depend on the
cluster center distances, while the scaling relations for
the iron lines do not. They find weaker dependancies
on cluster center distances for the Balmer line-velocity
dispersion relations, also in general agreement with our
results. Their study reaches cluster center distances of
1.5R500. Harrison et al. (2011) in their study of four
nearby clusters, comment that the only difference they
found between the outskirts and the cores of these clus-
ters was that the relations between the velocity disper-
sions and age, [M/H], and [α/Fe] were weaker in the
outskirts than the cores. This study reaches ten times
the virial radius, or ≈ 15R500. McDermid et al. (2015)
on the other hand, in their study of the ATLAS-3D sam-
ple found the Virgo cluster galaxies to be older and have
higher [α/Fe] abundance ratios than the field galaxies.
We do find a few significant cluster-to-cluster differ-
ences in the average metallicities [M/H] and abundance
ratios [α/Fe]. We cannot tie these differences to spe-
cific properties of these clusters. RXJ0152.7–1357 is a
double cluster probably in the process of merging (e.g.,
Girardi et al. 2005) and the high [α/Fe] may be related
to this event. However, RXJ0056.9+2622 is also a dou-
ble cluster, presumably in the process of merging (Bar-
rena et al. 2007), but its [M/H] and [α/Fe] agree with
the sample-wide values. The clusters with lower than
average [M/H], MS0451.6–0305, has a X-ray structure
consistent with a relaxed cluster with no sub-structure.
Thus, there are no obvious reasons that the metallic-
ity should be different from the average and no obvi-
ous pathway to increasing the metallicity to be simi-
lar to our local reference sample. We speculate that
these cluster-to-cluster differences are stochastic. They
may have been established in sub-structures that later
merged to form the larger clusters. Moran et al. (2007)
in their study of the two clusters MS0451.6–0305 and
CL0024+17 found evidence of cluster-wide differences
in the star formation history of the galaxies, but also
no clear trace of what has caused the differences. More
in-depth studies of massive intermediate redshift clus-
ters are obviously needed to quantify the frequency of
such differences between clusters and maybe understand
their origin.
7.3. The Velocity Dispersion as the Driver of Galaxy
Evolution
Many authors have found ages, metallicities and abun-
dance ratios of bulge-dominated passive galaxies to be
correlated with the velocity dispersions of the galaxies.
Harrison et al. (2011) provide an overview of determina-
tions prior to the publication of that paper, including the
results from Thomas et al. (2005, 2010). Harrison et al.
also present new results for galaxies in four nearby clus-
ters. McDermid et al. (2015) give results based on the
ATLAS-3D sample of nearby bulge-dominated galaxies.
We have in Section 6 used the results from Thomas et
al. (2005, 2010) as representative for the many results
in the literature (see references in Harrison et al.). In
general, the studies agree on an [α/Fe] dependency on
the velocity dispersion with a slope of ≈ 0.3− 0.35 with
a median value of 0.33. The slopes for [M/H] varies in
the interval 0.2-0.8, with a median value of ≈ 0.6. The
slopes for the ages varies between 0.24 (Thomas et al.
2005) to very steep slopes of ≈ 1 (Bernardi et al. 2006;
McDermid et al. 2015). The median value is ≈ 0.4. It is
beyond the scope of the present paper to investigate all
the possible reasons for the disagreement between these
studies. However, it is clear that authors who find a
very steep slope for the age dependency on the velocity
dispersion include nearby young galaxies (ages less than
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≈ 5 Gyr) whose progenitors would not be in our z > 0.5
samples, as they are not expected to be passive galaxies
at those redshifts.
Based on ages, [M/H] and [α/Fe] derived from our
composite spectra we find steep and tight relations
between [M/H] and velocity dispersions and between
[α/Fe] and velocity dispersions. However, the relation
between ages and velocity dispersions is very shallow,
with the slope not being significantly different from zero.
As shallow slopes are found also for the higher redshift
clusters in the sample, this result significantly constrains
the slope of the relation at low redshift to be no steeper
than found by Thomas et al. (2005).
From the scatter in the relations between ages, [M/H]
and [α/Fe] and velocity dispersions we find the intrin-
sic scatter of the three parameters to be 0.08, 0.12 and
0.15 dex, respectively. The scatter should in all cases be
understood as lower limits because of our use of com-
posite spectra, or luminosity weighted average indices,
in the determination. Both Harrison et al. (2011) and
McDermid et al. (2015) find the intrinsic scatter in the
ages to be significantly higher at 0.20 dex. Presumably
this apparent disagreement is due to a combination of
our use of composite spectra and the inclusion of many
very young galaxies in the samples of Harrison et al. and
McDermid et al. Both studies find the intrinsic scatter
in [M/H] and [α/Fe] to be slightly lower than our re-
sults, 0.10 and 0.07, respectively. We here quote the
McDermid et al. values from line indices calibrated to
half an effective radius as comparable to our measure-
ments. The main conclusion from all these results is
that the velocity dispersion and the properties of the
stellar populations are tightly correlated. The star for-
mation history of a bulge-dominated galaxy must to a
high degree be determined by the velocity dispersion of
the galaxy. This is to a large extent in agreement with
the results presented by Muzzin et al. (2012) who, based
on a study of cluster galaxies at z = 0.8−1.2, concluded
that properties of passive bulge-dominated galaxies are
determined by their mass (rather than their environ-
ment). We caution that mass and velocity dispersion
cannot be assumed to be fully equivalent though they
are tightly correlated.
8. SUMMARY AND CONCLUSIONS
We have presented a joint analysis of stellar popula-
tions in passive bulge-dominated galaxies in seven mas-
sive clusters at redshifts of z = 0.19−0.89. The analysis
is based on our new deep ground-based optical spec-
troscopy for the clusters at z = 0.19 − 0.45 combined
with our previously published data for the three clusters
at z = 0.54 − 0.89 (Jørgensen et al. 2005; Jørgensen &
Chiboucas 2013). We have analyzed stellar populations
of member galaxies using our measurements of absorp-
tion line strengths and velocity dispersions. Our main
conclusions from the analysis are as follows:
1. The z = 0.19−0.89 cluster galaxies follow relations
between velocity dispersions and line indices with
slopes consistent with the relations for our local
reference sample. The scatter in the relations is
in general also consistent with the local reference
sample, except for the double cluster RXJ0152.7–
1357. This cluster has higher scatter in the ve-
locity dispersion-Fe4383 relation, associated with
the unusually weak Fe4383 indices for some of the
galaxies in the cluster.
2. We determine line indices from composite spec-
tra, stacked according to velocity dispersion. We
derive ages, metallicities [M/H], and abundance
ratios [α/Fe] from the line indices from the com-
posite spectra. The [M/H]–velocity dispersion
and [α/Fe]–velocity dispersion relations are steep
and tight at all redshifts and show no significant
changes with redshift. At fixed velocity dispersion,
the intrinsic scatter of [M/H] is 0.12 dex, while the
scatter in [α/Fe] is 0.15 dex. The age dependency
on velocity dispersion is very shallow at all red-
shifts with a slope not statistically different from
zero, while the zero point changes with redshift re-
flect passive evolution. The intrinsic age scatter is
0.08 dex. The low scatter in all three parameters
indicate a large degree of synchronization in the
evolution of the galaxies.
3. We have used the zero point differences for the line
index–velocity dispersion relations as well as the
direct age estimates to investigate the mean age
variation with redshift and derive formation red-
shifts under the assumption of passive evolution.
The zero point differences for the (HδA +HγA)
′-
velocity dispersion relation give a 1-sigma con-
straint for the formation redshift of zform ≥ 3.1,
under the assumption of passive evolution of the
galaxies. Relations for 〈Fe〉, C4668, and Fe4383
are mostly consistent with this result, with outliers
related to possible cluster-to-cluster differences in
metallicities and/or abundance ratios.
The average ages of the stellar populations (de-
rived from (HδA +HγA)
′ and [C4668Fe4383]) as
a function of redshift give a formation redshift of
zform = 1.96
+0.24
−0.19, under the assumption of pas-
sive evolution. The difference between this result
and the result based on the zero point differences
for the (HδA +HγA)
′-velocity dispersion relation
can be fully explained by progenitor bias and the
fact that about half of the galaxies in our local ref-
erence sample have ages too young for their pro-
genitors to be part of the passive population at
z ≈ 0.8 − 0.9. When correcting for this effect
the zero point differences for the (HδA +HγA)
′-
velocity dispersion relation give a 1-sigma con-
straint on the formation redshift of zform ≥ 2.0.
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4. The median metallicity of the stellar populations
is [M/H]=0.24, with no dependence on redshift.
The median abundance ratios is [α/Fe] = 0.3,
also independent on redshift. We do find indi-
cations of cluster-to-cluster differences in [M/H]
and [α/Fe]. MS0451.6–0305 have significantly
lower [M/H] than the median value. RXJ0152.7–
1357 has higher [α/Fe] than the median, while
RXJ1347.5–1145 has lower [α/Fe]. It is not clear
if these are stochastic variations, if the differences
are related to specific cluster properties, or which
processes may be able to remove or establish such
differences at times scales equivalent to the look-
back times to these clusters, ie. 4-7 Gyr.
5. We find weak and shallow dependencies on the
cluster environment of the residuals in velocity-
dispersion-line index relations for the Mgb, C4668,
and (HδA +HγA)
′ indices. The dependencies ac-
count for only 2% of the intrinsic scatter in the
relations. We caution that our samples cover
only cluster center distances out to ≈ R500 in the
z ≤ 0.54 clusters, and only out to ≈ 1.8R500 in the
two higher redshift clusters.
We conclude that (at least) these four areas of im-
provements may be needed in order to gain a more com-
plete understanding of the evolution of the stellar popu-
lations of passive galaxies over the last half of the age of
the Universe: (1) Development and use of stellar popu-
lation models as SEDs, correctly reproducing the CN, C
and Mg features simultaneously (see Conroy et al. 2014
for an example of how this may be done), (2) use of
such SEDs to attempt a quantification of the star forma-
tion history through full-spectrum fitting of the available
high S/N spectra of intermediate redshift passive galax-
ies, (3) a more complete investigation into the stochastic
variations of stellar populations between different clus-
ter (and field) galaxy samples and their possible rela-
tion to differences in stellar populations in the original
substructures of the clusters, and (4) an in-depth com-
parison of stellar population in passive galaxies in the
field and in clusters of different richness at intermediate
redshifts.
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APPENDIX
A. PHOTOMETRIC DATA
A.1. Photometric Parameters, Calibration and External Comparison
Table 7 summarizes the GMOS-N and GMOS-S imag-
ing of the z = 0.19 − 0.45 clusters. The derived pho-
tometric parameters (total magnitudes and colors) are
listed in Table 8. Colors were derived as total colors
based on the total magnitudes and as aperture colors.
We used both the image quality of the data and the
expected sizes of the galaxies to optimize the choice of
aperture size. Specifically, the aperture diameter in arc-
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Table 7. GMOS-N and GMOS-S Imaging Data
Cluster Program IDa Dates Filter Exposure time FWHMb Sky brightness An
c
(UT) (arcsec) (mag arcsec−2) (mag)
Abell 1689 F1d GN-2003B-DD-3 2003 Dec 24 g′ 4 × 180sec 0.54 21.55 0.089
GN-2001B-Q-10 2001 Dec 24 r′ 5 × 300sec 1.05 20.32 0.062
GN-2001B-Q-10 2001 Dec 25 i′ 3 × 300sec 1.04 19.49 0.046
Abell 1689 F2d GN-2003B-DD-3 2003 Dec 24 g′ 4 × 180sec 0.57 21.54 0.089
GN-2001B-Q-10 2001 Dec 24 r′ 6 × 300sec 1.05 19.80 0.062
GN-2001B-Q-10 2001 Dec 25 i′ 3 × 300sec 0.81 19.51 0.046
RXJ0056.2+2622 F1e GN-2003B-Q-21 2003 Jul 2 g′ 4 × 120sec 0.79 21.94 0.192
GN-2003B-Q-21 2003 Jul 2 r′ 4 × 120sec 0.70 21.24 0.133
GN-2003B-Q-21 2003 Jul 2 i′ 4 × 120sec 0.62 20.34 0.099
RXJ0056.2+2622 F2e GN-2003B-Q-21 2003 Jul 30 g′ 4 × 120sec 1.04 22.06 0.192
GN-2003B-Q-21 2003 Jul 30 r′ 4 × 120sec 0.85 21.20 0.133
GN-2003B-Q-21 2003 Jul 30 i′ 5 × 120sec 1.05 19.98 0.099
RXJ0027.6+2616 GN-2003B-Q-21 2003 Jul 1 to 2003 Jul 2 g′ 4 × 360sec 0.60 21.97 0.134
GN-2003B-Q-21 2003 Jul 1 to 2003 Jul 2 r′ 4 × 300sec 0.47 21.22 0.099
GN-2002B-SV-90 2002 Sep 30
GN-2003B-Q-21 2003 Jul 1 i′ 32× 120sec 0.65 20.02 0.069
RXJ1347.5–1145 GS-2005A-Q-27 2005 Apr 13 g′ 4 × 450sec 1.16 22.16 0.204
GS-2005A-Q-27f 2005 Jan 11 g′ 1 × 450sec 0.99 19.58 0.204
GS-2005A-Q-27 2005 Jan 11 r′ 4 × 300sec 0.72 20.94 0.141
GS-2005A-Q-27 2005 Jan 11 i′ 4 × 300sec 0.73 20.39 0.105
aObservations with program IDs starting with GN and GS were executed with GMOS-N and GMOS-S, respectively.
b Image quality measured as the average FWHM of 7-10 stars in the field from the final stacked images.
c Galactic extinction at cluster center, Schlafly & Finkbeiner (2011) as provided through the NASA/IPAC Extragalactic Database
dF1 pointing Eastern field (RA,DEC)J2000 = (13 11 37.0, –1 20 29), F2 pointing Western field (RA,DEC)J2000 = (13 11 23.5, –1 20 29)
e F1 pointing Southern field (RA,DEC)J2000 = (0 55 59.0, 26 20 30), F2 pointing Northern field (RA,DEC)J2000 = (0 56 00.5, 26 25 10)
fObservation obtained in twilight, used for photometric calibration, only.
sec was derived as
Dapp = 2 · 2.355
(
(FWMM/2.355)2 + r2galaxy
)0.5
(A1)
where rgalaxy is the angular size of a member galaxy
with a size (effective radius) of 2.5 kpc. The result-
ing apertures sizes for Abell 1689, RXJ0056.2+2622,
and RXJ0027.6+2616 are similar in the three filters.
Thus, we used the same aperture size for all three filters;
Dapp = 4.35, 4.18, and 2.66 arcsec for the three clusters.
For RXJ1347.5–1145 we used Dapp = 3.09 arcsec for the
g′-band, and 2.51 arcsec for the r′- and i′-band.
Table 8 includes only the spectroscopic samples.
Photometry used for the sample selection described
in Section 4.1 covers to g′ ≈ 25 mag in Abell
1689 and RXJ0056.6+2622 and r′ ≈ 25.5 mag in
RXJ0027.6+2616 and RXJ1347.5–1145. Figures 14-
17 show the spectroscopic samples overlaid on greyscale
images of the clusters and with X-ray contours overlaid.
The photometry from GMOS-N was calibrated us-
ing the magnitude zero points and color terms from
Jørgensen (2009), while the calibration of the GMOS-S
photometry is based on observations of a standard field
the night of the science observations combined with the
color terms from the Gemini web page. To achieve in-
ternal consistency between the two fields observed in
RXJ0056.2+2622, an offset of 0.095 mag were added to
the i′-band magnitudes for galaxies in field 1 (F1 in Ta-
ble 7). In addition, we used SDSS DR12 for external
comparison and in some cases calibration of our mag-
nitude zero points. This was done consistently for the
full GCP sample of 14 clusters (and one field that is not
a cluster). Based on this comparison, the Abell 1689
r′ and i′-band magnitudes were offset with −0.147 and
−0.117, respectively. We will describe the calibration of
full GCP sample in detail in Jørgensen et al. (in prep.).
The GMOS-N data of Abell 1689 were also processed
by Houghton et al. (2012). We compared our photome-
try in g′ and r′ for Abell 1689 with that from Houghton
et al. These authors used slightly different zero points
than those used in this paper and may not have used any
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color terms in their calibration. They did not publish
photometry in the i′-band. While Houghton et al. use
the same spectroscopic ID numbering as we do (the num-
bering originates from our original mask design), there
is some confusion in both the published tables and the
VizieR catalog version of Houghton et al.’s data. It also
appears that for the slitlet containing both ID 584 and
ID 615, Houghton et al. extracted only ID 615, but by
mistake assigned the spectrum to ID 584. In Table 9
we list our unique IDs together with Houghton et al.
photometry IDs and the coordinates for the galaxies in
question. We take the correct numbering into account
in our comparisons.
Figure 18 and Table 10 summarize the comparisons
of the r′-band total magnitudes and the aperture col-
ors (g′ − r′) with the data from Houghton et al. The
majority of the galaxies with absolute differences larger
than 0.5 mag are located in the center of the cluster.
Omitting these galaxies from the comparisons reduces
the scatter but does not significantly affect the median
differences, see Table 10. Only two of those galaxies are
in the spectroscopic sample, ID 636 and ID 655. An
offset in the total magnitudes of −0.07 is expected due
to the difference in adopted zero points for the standard
calibration. An offset in (g′− r′) of 0.17 is expected due
to the difference in adopted zero points and the use of a
color term in our calibration. The remainder of the off-
set is may be due to the difference in the aperture sizes.
We use aperture size of 4.35 arcsec while Houghton et
al. use 2.9 arcsec. However, we do not convolve the
g′-band to the r′-band resolution, since our main color
determination comes from the total magnitudes.
Table 8. GMOS Photometric Data for the Spectroscopic Samples
Cluster ID RA (J2000) DEC (J2000) g′total r
′
total i
′
total (g
′ − r′)total (r
′ − i′)total (g
′ − r′)aper (r
′ − i′)aper nser
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
A1689 14 13 11 13.54 -1 22 23.9 20.52 19.15 18.76 1.372 0.387 1.314 0.410 · · ·
A1689 15 13 11 13.54 -1 19 35.1 18.77 17.72 17.17 1.057 0.541 1.178 0.493 · · ·
A1689 30 13 11 14.44 -1 21 55.4 19.72 18.47 18.07 1.251 0.394 1.219 0.432 · · ·
A1689 45 13 11 14.95 -1 19 19.0 21.09 20.00 19.57 1.097 0.423 1.098 0.422 · · ·
A1689 70 13 11 15.94 -1 19 10.1 20.11 18.91 18.56 1.207 0.352 1.191 0.406 · · ·
A1689 74 13 11 15.97 -1 19 04.4 19.83 18.56 18.17 1.273 0.384 1.259 0.451 · · ·
A1689 91 13 11 16.88 -1 20 00.5 20.46 19.39 18.84 1.067 0.551 1.157 0.540 · · ·
A1689 135 13 11 18.17 -1 18 13.0 20.74 19.61 19.24 1.128 0.371 1.158 0.418 · · ·
A1689 152 13 11 18.80 -1 19 03.9 20.50 19.21 18.76 1.296 0.448 1.309 0.440 · · ·
A1689 160 13 11 19.06 -1 21 28.8 20.05 19.53 19.27 0.516 0.264 0.477 0.257 · · ·
Note—Column 1: Galaxy cluster. Column 2: Object ID. Columns 3–4; Right ascension in hours, minutes, and seconds, declination in degrees,
arcminutes, and arcseconds. Positions are consistent with USNO (Monet et al. 1998), with an rms scatter of ≈ 0.5 arcsec. Columns 4–7: Total
magnitudes in g′, r′ and i′. Columns 8–9: Colors derived from the total magnitudes. Columns 10–11: Colors derived from aperture magnitudes.
Column 12: Adopted Se´rsic indices from Houghton et al. (2012) used for sample selection, see text. Table 8 is published in its entirety in the
machine-readable format. A portion is shown here for guidance regarding its form and content.
B. SPECTROSCOPIC DATA
B.1. Observations and Reductions
The selection criteria for the spectroscopic samples are
summarized in Table 11. The spectroscopic data were
processed using the same techniques as described for the
MS0451.6–0306 data in Jørgensen & Chiboucas (2013).
The processing produces 1-dimensional spectra fully cal-
ibrated and on a relative flux-scale.
The masks for Abell 1689 contained slits titled to be
aligned with the major axis of the galaxies. As we want
to subtract off the sky signal before we interpolate the
spectra, the tilted slits in the Abell 1689 data were first
semi-rectified by oversampling the spectra by a factor
five and then shifting the spectra by integer rows in
the oversampled spectra. The sky signal was then sub-
tracted and the rows shifted back to their original posi-
tion to before processing the data through the remainder
of the steps. See Barr et al. (2005) for details on this
process.
The observations of Abell 1689 were obtained with the
detectors unbinned, while all other observations used
binning in the spectral direction. These unbinned ob-
servations unnecessarily oversample the spectra. Thus,
after basic processing and extraction the Abell 1689 ob-
servations were rebinned to match the binning of the
other observations.
For RXJ0027.6+2616 and RXJ1347.5–1145 two blue
stars were included in the mask in order to obtain a
good correction for the telluric absorption lines. The
masks for Abell 1689 and RXJ0056.2+2622 did not in-
clude blue stars. Instead the telluric correction was es-
tablished from a stack of all the spectra in each mask.
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Figure 14. GMOS-N r′-band images of Abell 1689 with the spectroscopic sample marked. Contours of the XMM-Newton
X-ray data are overlaid. Red circles – confirmed bulge-dominated members with EW[O II]≤ 5A˚. Blue circles – confirmed
members with EW[O II] > 5A˚ and/or disk-dominated. Dark green triangles – confirmed non-members. Dot-dashed line shows
the coverage by HST/ACS imaging, while HST/WCPC2 imaging covers the field east of the dashed line. The X-ray image is
the sum of the images from the two XMM-Newton EPIC-MOS cameras. The X-ray image was smoothed; any structure seen is
significant at the 3σ level or higher. The spacing between the contours is logarithmic with a factor of 1.5 between each contour.
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Figure 15. GMOS-N r′-band images of RXJ0056.2+2622 with the spectroscopic sample marked. Contours of the XMM-
Newton X-ray data are overlaid. Red circles – confirmed bulge-dominated members with EW[O II]≤ 5A˚. Blue circles – confirmed
members with EW[O II] > 5A˚ and/or disk-dominated. including ID 1296, which has strong [O III] but for which the wavelength
coverage does not include the [O II] line. Dark green triangles – confirmed non-members. The location of the vignetting from
the OIWFS is marked. The X-ray image is the sum of the images from the two XMM-Newton EPIC-MOS cameras. The X-ray
image was smoothed; any structure seen is significant at the 3σ level or higher. The spacing between the contours is logarithmic
with a factor of 1.5 between each contour.
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Figure 16. GMOS-N i′-band image of RXJ0027.6+2616 with the spectroscopic sample marked. Contours of the Chandra X-
ray data are overlaid. Red circles – confirmed bulge-dominated members with EW[O II]≤ 5A˚. Blue circles – confirmed members
with EW[O II] > 5A˚ and/or disk-dominated. Red boxes – confirmed bulge-dominated members of the foreground group, with
EW[O II]≤ 5A˚. Blue boxes – confirmed members of the foreground group, with EW[O II] > 5A˚ and/or disk dominated. Dark
green triangles – confirmed non-members. Green diamonds – blue stars included in the mask to facilitate correction for telluric
absorption lines. The approximate location of the two HST/ACS fields are marked with dashed black lines. The location of
the vignetting from the OIWFS is marked. The X-ray image is from the Chandra ACIS camera ([ADS/Sa.CXO#obs/14012]).
The X-ray image was smoothed; any structure seen is significant at the 3σ level or higher. The spacing between the contours is
logarithmic with a factor of 1.5 between each contour.
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Figure 17. GMOS-S i′-band image of RXJ1347.5–1145 with the spectroscopic sample marked. Contours of the XMM-Newton
X-ray data are overlaid. Red circles – confirmed bulge-dominated members with EW[O II]≤ 5A˚. Blue circles – confirmed
members with EW[O II] > 5A˚ and/or disk-dominated. Dark green triangles – confirmed non-members. Purple triangles –
targets for which the spectra do not allow redshift determination. Green diamonds – blue stars included in the mask to facilitate
correction for telluric absorption lines. The approximate location of the HST/ACS fields are marked with dashed lines; red line
– field observed in F814W and F850LP; blue line – field observed in F606W, F625W, and F775W. The X-ray image is the sum
of the images from the two XMM-Newton EPIC-MOS cameras. The X-ray image was smoothed; any structure seen is significant
at the 3σ level or higher. The spacing between the contours is logarithmic with a factor of 1.5 between each contour.
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Table 9. Abell 1689: Cross-references with Houghton et al.
ID H2012 phot-ID Redshift Comments
(1) (2) (3) (4)
584 493 0.1831 Object shares slit with ID 615. H2012 extracted 615 but mislabeled it 584.
615 620 0.1771 Object shares slit with ID 584. H2012 extracted 615 but mislabeled it 584.
972 546 0.1956 Object listed in H2012 Table 6, cross referenced incorrectly in their Table 3.
983 315 0.2149 Object listed in H2012 Table 3, but not in their Table 6.
Note—Column 1: Galaxy ID from this paper. Column 2: Photometric ID from Houghton et al. (2012, H2012).
Column 3: Redshift from our data. Column 4: Comments.
Table 10. Abell 1689: Compari-
son with Houghton et al.
Parameter ∆ rms N
r′ -0.05 0.41 471
r′a -0.05 0.14 434
(g′ − r′) 0.24 0.21 471
(g′ − r′)a 0.25 0.16 434
Redshift -0.0001 0.0001 71
log σ -0.047 0.160 71
log σb -0.051 0.061 64
aExcluding galaxies for which the r′-
band magnitudes from Houghton et al.
deviate with more than 0.5 mag from
our determination.
b Excluding galaxies for which
Houghton et al. find velocity
dispersions less than 75 kms−1.
Note—Median differences ∆ = “our
data” – “Houghton et al.”.
Figure 18. Comparison of our photometry to that of
Houghton et al. (2012). The median offset in the r′-band
total magnitudes is −0.05 with a scatter of 0.41, with our
magnitudes being brighter. The median offset in the the
(g′ − r′) color is 0.24 with a scatter of 0.21. Dashed lines -
one-to-one relations. Dotted line on panel (b) – the expected
offset of 0.17 in the color due to differences in adopted zero
points and the inclusion of a color term in our calibration.
This is the same technique used by Barr et al. (2005)
for the GCP cluster RXJ0142.0+2131.
The observations of RXJ1347.5–1145 were obtained
with GMOS-S with the E2V CCDs. These detectors
have fairly strong fringing in the red. Therefore, the
observations were obtained in pairs of exposures with
dithers along the slit. We used these to determine the
fringe correction in a similar way as done for RXJ0152.7–
1157, see Jørgensen et al. (2005). Two frames were
excluded from further processing at this point as the
fringes were too strong to allow a useful correction and
the stack of the better reduced frames gave sufficient
S/N for our purpose.
All flux calibrated 1-dimensional spectra were median
filtered with a 5-pixel filter in the spectral direction to
limit the effect of residuals from the sky subtraction.
The filtering was taken into account in the determina-
tion of the instrumental resolution.
B.2. Spectroscopic Parameters
The calibrated spectra were fit with stellar templates
as described in Jørgensen & Chiboucas (2013). This re-
sults in determination of the redshifts and the velocity
dispersions. As in Jørgensen & Chiboucas, we use three
template stars with spectral types K0III, G1V and B8V.
The fits were performed with the kinematics fitting soft-
ware made available by Karl Gebhardt, see Gebhardt et
al. (2000, 2003) for a description of the software. The
software performs the fitting in pixel space. Thus, it is
straight forward to mask wavelength intervals affected
by either emission lines or strong residuals from the sky
subtraction. In particular, the residuals from the strong
skyline at 5577 A˚ were masked in all cases. For all
four clusters the fits were done for the wavelength region
3750–5500A˚ in the rest frame of the clusters. Aperture
correction of the velocity dispersions were performed us-
ing the technique from Jørgensen et al. (1995b).
The strengths of the absorption lines were measured
using the definitions of the Lick/IDS indices (Worthey et
al. 1994) as well as the higher order Balmer line indices
HδA and HγA (Worthey & Ottaviani 1997). We mea-
sure the HβG index as described in Jørgensen (1999).
The original passband definition for this index is from
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Table 11. Selection criteria for spectroscopic samples in the z = 0.18− 0.45 clusters
Cluster Obj.Class Selection criteria
Abell 1689 1 Confirmed member based on redshift ∧ 17 ≤ g′ ≤ 21.2 ∧ 0.9 ≤ (g′ − r′) ≤ 1.5 ∧ 0.25 ≤ (r′ − i′) ≤ 0.6
2 No redshift ∧ 17 ≤ g′ ≤ 21.2 ∧ 0.9 ≤ (g′ − r′) ≤ 1.5 ∧ 0.25 ≤ (r′ − i′) ≤ 0.6
3 21.1 < g′ ≤ 22.2 ∧ 0.9 ≤ (g′ − r′) ≤ 1.5 ∧ 0.25 ≤ (r′ − i′) ≤ 0.6
4 18 ≤ g′ ≤ 22.2 ∧ 0.0 ≤ (g′ − r′) < 0.9
RXJ0056.2+2622 1 Confirmed member based on redshift ∧ 17 ≤ g′ ≤ 21.2 ∧ 0.8 ≤ (g′ − r′) ≤ 1.4 ∧ 0.2 ≤ (r′ − i′) ≤ 0.55
2 No redshift ∧ 17 ≤ g′ ≤ 21.2 ∧ 0.8 ≤ (g′ − r′) ≤ 1.4 ∧ 0.2 ≤ (r′ − i′) ≤ 0.55
3 21.1 < g′ ≤ 22.2 ∧ 0.8 ≤ (g′ − r′) ≤ 1.4 ∧ 0.2 ≤ (r′ − i′) ≤ 0.55
4 20 ≤ g′ ≤ 22.2 ∧ 0.0 ≤ (g′ − r′) < 0.8
RXJ0027.6+2616 1 18 ≤ r′ ≤ 20.1 ∧ 0.4 ≤ (r′ − i′) ≤ 0.8 ∧ 1.5 ≤ (g′ − r′) ≤ 1.9
2 20.1 < r′ ≤ 20.7 ∧ 0.4 ≤ (r′ − i′) ≤ 0.8 ∧ 1.5 ≤ (g′ − r′) ≤ 1.9
3 20.7 < r′ ≤ 21.5 ∧ 0.4 ≤ (r′ − i′) ≤ 0.8 ∧ 1.5 ≤ (g′ − r′) ≤ 1.9
4 18 < r′ ≤ 21.5 ∧ 0.1 ≤ (r′ − i′) < 0.4
RXJ1347.5–1145a 1 Confirmed member based on redshift ∧ 18 ≤ r′ ≤ 21 ∧ 0.6 ≤ (r′ − i′) ≤ 0.9
2 Confirmed member based on redshift ∧ 21 < r′ ≤ 22.4 ∧ 0.6 ≤ (r′ − i′) ≤ 0.9
3 No redshift ∧ 18 ≤ r′ ≤ 22.4 ∧ 0.6 ≤ (r′ − i′) ≤ 0.9
4 19 ≤ i′ < 22.4 ∧ 0.2 ≤ (r′ − i′) < 0.6
aAt the time of sample selection only imaging in r′ and i′ was available.
Gonza´lez (1993). The indices CN3883 and CaHK were
measured using the passband definitions from Davidge
& Clark (1994). The definition of the D4000 index is
from Bruzual (1983) and Gorgas et al. (1999). We have
adopted the bandpass definition for the higher order
Balmer line HζA from Nantais et al. (2013).
The line indices were aperture corrected and corrected
for the velocity dispersions of the galaxies using the
techniques and corrections detailed in Jørgensen et al.
(2005), see also Jørgensen & Chiboucas (2013). As in
Jørgensen et al. (2014) we assume that HζA has no aper-
ture correction.
The residuals from the strong skyline at 5577 A˚ in
some cases affect the determination of the line indices.
Where such effects are significant, the line index de-
terminations have been removed from the tables of our
measurements. The details are as follows. For members
of Abell 1689 and RXJ0056.2+2622 the 5577 A˚ skyline
falls within the passbands of C4668. The passbands of
this index are fairly wide. We have therefore evaluated
whether the C4668 measurements are affected by the
5577 A˚ residuals by interpolating across the wavelength
region that may be affected (5565–5589 A˚) and repeat-
ing the line measurement on the interpolated spectra.
For those galaxies where the difference in C4668 derived
from the spectra before interpolation and after is larger
than 0.065 in log space (approximately twice the typi-
cal measurement uncertainty) we have deemed the index
unreliable and omitted the measurements from the ta-
bles and analysis.
For members of RXJ0027.6+2616 the skyline falls
within the passbands of the HδA index. As the line
is fairly weak and the passbands narrow, we have cho-
sen not to attempt to measure this line. Since we
want to use the combination index (HδA +HγA)
′ ≡
−2.5 log (1.− (HδA +HγA)/(43.75 + 38.75))
(Kuntschner 2000), in the analysis, we solve this prob-
lem by deriving an empirical relation between fully cor-
rected measurements of HδA and HγA based on the
data for the 94 members of the clusters MS0451.6–
0305, RXJ0152.7–1357, and RXJ1226.9+2226. We find
HδA,cor = (0.689 ± 0.045)HγA,cor + 2.707 with an rms
scatter of 1 A˚. We then use that relation to derive HδA
for the RXJ0027.6+2616 galaxies, and subsequently
use those values together with the HγA measurements
to derive (HδA +HγA)
′. This in effect means that
(HδA +HγA)
′ for this cluster is based on HγA, only.
For members of RXJ1347.5+1145 the indices, HζA,
CN3883 and D4000 may be affected by the residuals
from the 5577 A˚ skyline. As HζA is a fairly weak in-
dex and the passbands are narrow, we have chosen not
to attempt to measure this line if for the individual
galaxy redshift the 5577 A˚ line is within 3 A˚ of any
of the passbands. For CN3883 and D4000 we take the
same approach as used for C4668 for the Abell 1689 and
RXJ0056.2+2622 members. We use limits of 0.025 and
0.035 for changes in CN3883 and D4000, respectively.
Thus, these indices are only listed for galaxies for which
the measurements are not significantly affected by the
sky residuals.
The formal uncertainties on the indices were deter-
mined based on the S/N following Cardiel et al. (1998).
However, as done in Jørgensen & Chiboucas (2013) for
the z = 0.54 − 0.89 clusters, we also performed sub-
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stacking of the frames to evaluate the uncertainties, see
Section B.4 and Table 12.
For galaxies with detectable emission from [O II] we
determined the equivalent width of the [O II]λλ3726,3729
doublet. With an instrumental resolution of σ =
1.5− 2.5 A˚ (FWHM = 3.5 − 5.8 A˚) and galaxy velocity
dispersions typically ≥ 100 km s−1, the doublet is not
resolved in our spectra and we refer to it simply as the
“[O II] line”.
Table 13 lists the results from the template fitting
(redshifts and velocity dispersions), while Table 14 gives
the derived absorption line strengths. The emission line
equivalent widths are listed in Table 15.
B.3. Systematic Effects in Derived Velocity
Dispersions
As in Jørgensen & Chiboucas (2013), we performed
simulations to evaluate any systematic effects on the
derived velocity dispersions. Model spectra were con-
structed using the average of the K0III and G1V tem-
plate stars. Random noise was then added using infor-
mation from the real noise spectra from the spectra. We
made 100 realizations of each of the combinations cover-
ing velocity dispersions from 50 to 300 km s−1 and S/N
per A˚ in the rest frame from 10 to 50 . The S/N of
our data are in general higher than 50, but as it turns
out only for the very low S/N is the S/N a factor in re-
covering the velocity dispersion. We then fit the model
spectra and compared the recovered velocity dispersions
with the input values. The simulations are summarized
in Figure 19. Simulations were run for all four clusters,
as the location of the higher noise wavelength intervals
due to sky lines depend on the redshift of the cluster. As
can be seen from the figure, in all cases there is a small
systematic offset to higher velocity dispersion. We cor-
rect for this by fitting a first order polynomial to the
difference as a function of output velocity dispersion,
constraining the fits to log σ > 1.9. The simulations for
Abell 1689 and RXJ0056.2+2622 are nearly identical.
Thus, we fit those simulations together and derive
log σcorrected = log σout − 0.0519+ 0.1142(logσout − 2.1)
(B2)
The simulations for RXJ0027.6+2616 and RXJ1347.5–
1145 are different with at most 0.003 for log σ ≥ 2.0.
Thus, we also fit these simulations together and derive
log σcorrected = log σout − 0.0690+ 0.2407(logσout − 2.1)
(B3)
The fits were derived for input velocity dispersions of
log σ > 1.9. Deviations from the fits for velocity disper-
sions smaller than this limit is of the order 0.01-0.05 on
log σ.
As the size of the systematic effects in the determi-
nation of the velocity dispersions is of the same size or
larger than the systematic errors expected between dif-
ferent datasets, we choose to correct the derived velocity
dispersions using the formulae in Eq. B2 and B3. The
velocity dispersions listed in Table 13 as log σcor have
been corrected for this effect, as well as aperture cor-
rected. The raw measurements are listed in the tables
as log σ.
B.4. Internal Comparisons
The mask designs for Abell 1689, RXJ0027.6+2616,
and RXJ1347.5–1145 are such that for each cluster 15–
19 of the galaxies were observed in two masks, each with
sufficient S/N to derive velocity dispersions and line in-
dices. Thus, we effectively have repeat observations of
these galaxies and use these for internal comparisons of
the parameters and to assess the uncertainties. Figure
20 and Table 12 summarize the comparisons. In general,
the uncertainties on the velocity dispersions from the
kinematics fitting are in good agreement with the inter-
nal comparisons. For the line indices the uncertainties
derived from the S/N of the spectra are underestimated
most likely due to systematics from the sky subtraction,
as we also noted in Jørgensen & Chiboucas (2013). The
ratios between the scatter in the comparisons and the
expected scatter based on the uncertainties range be-
tween 2 and 10. We therefore adopt global uncertainties
on the line indices. The adopted uncertainties are listed
in Table 12, and shown on the figures of these param-
eters as the typical error bars. The uncertainties for
RXJ0056.2+2622 measurements are assumed to be the
same as for Abell 1689 measurements, as the two clusters
have similar redshifts and were observed with identical
instrument configurations and to similar S/N ratios.
B.5. External Comparisons
In this section we compare our redshifts and veloc-
ity dispersions to those published by Houghton et al.
(2012). We converted the relative radial velocities pub-
lished by Houghton et al. to redshift, using the cluster
redshift of 0.183 assumed by Houghton et al. Figure
21 and Table 10 summarize the comparisons. The very
small difference in redshifts may originate from the ac-
curacy of the cluster redshift stated by Houghton et al.,
and is in any case of no importance for our results. The
offset between the velocity dispersions is −0.05 in log σ
with our measurements being smaller. Houghton et al.
used 1.4 arcsec extraction aperture while we use 2.0 arc-
sec. However, adopting the aperture correction from
Jørgensen et al. (1995b) that would only explain an off-
set of 0.003 in log σ. Houghton et al. use the arc spectra
for determining the instrumental resolution and state
this as ≈ 75km s−1 at 5000 A˚ (equivalent to ≈ 70km s−1
at 4500 A˚ in the rest frame of the cluster). We measure
the instrumental resolution from sky spectra stacked the
same way as the galaxy spectra and find ≈ 85km s−1 at
4500 A˚ in the rest frame of the cluster. Thus, a system-
atic difference is expected of −0.03 to −0.01 on log σ
for galaxies with σ = 100km s−1 and 200km s−1, respec-
tively. The remainder of the difference between the two
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Figure 19. Results from of the velocity dispersions. The top row of panels show the systematic error on log σ, ∆ log σ =
log σoutput − log σinput as a function of the input values log σinput. The bottom row of panels show input versus output val-
ues. Simulations apply to the four clusters as follows: (a) and (b) Abell 1689, (c) and (d) RXJ0056.2+2622, (e) and (f)
RXJ0027.6+2616, (g) and (h) RXJ1347.5–1145. Dashed lines on panels (a), (c), (e), and (g) – the median values of ∆ log σ.
Dot-dashed lines on panels (b), (d), (f), and (h) – one-to-one relations. Solid lines on panels (b), (d), (f), and (h) – the adopted
correction for the systematic errors, see Eq. B2 and B3.
Table 12. Internal comparison
Parameter A1689 RXJ0027.6+2616 RXJ1347.5–1145
N rms Ratio σmedian σadopt N rms Ratio σmedian σadopt N rms Ratio σmedian σadopt
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)
log σ 19 0.064 1.5 0.014 0.020 17 0.064 1.4 0.024 0.035 15 0.072 1.2 0.030 0.036
CN3883 15 0.048 4.4 0.006 0.028 15 0.033 1.9 0.008 0.016 11 0.065 3.5 0.010 0.036
(HδA + HγA)
′ 19 0.013 4.0 0.001 0.006 16 0.018 4.0 0.001 0.006 15 0.031 3.7 0.004 0.016
log Fe4383 17 0.117 3.7 0.010 0.036 15 0.089 2.7 0.014 0.038 12 0.233 2.7 0.033 0.090
log C4668 8 0.188 6.4 0.006 0.036 15 0.092 3.5 0.008 0.030 11 0.275 4.6 0.023 0.105
CN2 19 0.025 5.9 0.003 0.016 16 0.029 4.9 0.003 0.017 15 0.051 4.1 0.007 0.029
log CaHK 17 0.060 4.6 0.004 0.020 17 0.074 4.2 0.006 0.027 15 0.083 2.7 0.013 0.034
D4000 14 0.064 9.7 0.004 0.037 14 0.065 6.7 0.005 0.032 10 0.091 7.9 0.007 0.054
log G4300 18 0.063 3.4 0.006 0.020 15 0.063 3.3 0.008 0.028 13 0.184 3.3 0.019 0.061
log Hβ 17 0.066 7.1 0.004 0.030 14 0.098 7.9 0.005 0.042 12 0.071 2.5 0.014 0.035
log Mgb 18 0.040 4.4 0.004 0.016 16 0.051 4.1 0.004 0.018 13 0.108 2.7 0.016 0.043
log 〈Fe〉 17 0.122 10.5 0.004 0.040 16 0.080 4.9 0.006 0.031 12 0.125 2.9 0.014 0.041
Note—Column 1: Parameter. Columns 2–6: for Abell 1689, number of galaxies in comparison, rms scatter of comparison, ratio between the rms
scatter and the expected scatter based on nominal individual uncertainties, median of nominal individual uncertainties for all cluster members
included in the analysis, and adopted uncertainty on the parameter (except for the velocity dispersion we use the individual uncertainties from
the kinematics fitting. Columns 7–11: Same information for RXJ0027.6+2616. Columns 12–16: Same information for RXJ1347.5–1145.
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Figure 20. Internal comparison of velocity dispersions and line indices derived from sub-stacks of the available data. Blue
– Abell 1689; yellow – RXJ0027.6+2616; red – RXJ1347.5–1145. Solid lines show the one-to-one relations. See Table 12 for
scatter and the adopted uncertainties on the line indices.
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Figure 21. Comparison of our redshifts and velocity disper-
sions to the values from Houghton et al. (2012). Differences
are ∆ = “our data” – “Houghton et al.”. The median off-
sets and scatter are summarized in Table 10, see text for
discussion.
sets of measurements is most likely due to differences in
choice of template spectra. The scatter in the compari-
son confirms our estimates of the random measurement
uncertainties on log σ of 0.02 for the highest velocity
dispersion galaxies, rising to 0.04 for the lower velocity
dispersion galaxies.
C. AVERAGE SPECTRAL PARAMETERS AND
SPECTRAL PARAMETERS FROM
COMPOSITE SPECTRA
Table 16 gives luminosity weighted average spectra
parameters for the local reference sample and spec-
tral parameters from the composite spectra of the z =
0.19 − 0.89 sub-samples. The table also lists the aver-
age values of the velocity dispersions for the individual
galaxies included in each average or composite.
D. PRESENTATION OF THE SPECTRA
The spectra of the galaxies are shown in Figures 22–
25. Major spectra features labeled on the figures are
listed in Table 17. Full figures are available in the online
journal.
36
Table 13. Results from Template Fitting
Cluster ID Redshift Membera log σ log σcor
b σlog σ Template fractions χ
2 S/Nc
B8V G1V K0III
A1689 14 0.1894 1 2.003 1.956 0.001 0.00 0.57 0.43 3.5 142
A1689 15 0.1791 1 2.264 2.247 0.014 0.00 0.41 0.59 18.8 247
A1689 30 0.1893 1 2.112 2.078 0.028 0.00 0.76 0.24 10.7 264
A1689 45 0.1841 1 1.994 1.945 0.003 0.00 0.68 0.32 7.1 130
A1689 70 0.1886 1 2.074 2.036 0.040 0.00 0.48 0.52 5.9 197
A1689 74 0.1929 1 2.167 2.139 0.029 0.00 0.62 0.38 13.7 180
A1689 91 0.1943 1 2.127 2.095 0.011 0.00 0.76 0.24 6.1 82
A1689 135 0.1867 1 1.994 1.946 0.029 0.00 0.58 0.42 3.7 126
A1689 152 0.1879 1 2.068 2.029 0.030 0.00 0.44 0.56 11.3 215
A1689 160 0.0817 0 · · · · · · · · · · · · · · · · · · · · · 56
Note—Table 13 is published in its entirety in the machine-readable format. A portion is shown here for guidance
regarding its form and content.
aAdopted membership: 1 – galaxy is a member of the cluster; 0 – galaxy is not a member of the cluster.
b Velocity dispersions corrected to a standard size aperture equivalent to a circular aperture with diameter of 3.4
arcsec at the distance of the Coma cluster, and corrected for systematic effects using Equation B2.
c S/N per A˚ngstrom in the rest frame of the galaxy. The wavelength interval 4100-5500 A˚ was used for all galaxies.
Table 14. Line Indices for Cluster Members
Cluster/ID HζA CN3883 CaHK D4000 HδA CN1 CN2 G4300 HγA Fe4383 C4668 Hβ HβG Mgb Fe5270 Fe5335
A1689:
14 · · · · · · · · · · · · 3.17 · · · · · · 4.95 -4.14 4.48 7.04 · · · · · · 3.43 3.54 2.65
14 · · · · · · · · · · · · 0.13 · · · · · · 0.10 0.11 0.13 0.12 · · · · · · 0.05 0.05 0.05
15 0.72 0.269 23.42 2.084 -2.49 0.126 0.149 5.70 -6.24 4.39 6.02 1.75 1.92 4.59 2.55 3.25
15 0.13 0.005 0.20 0.003 0.08 0.002 0.002 0.06 0.07 0.08 0.07 0.03 0.02 0.03 0.03 0.03
30 · · · · · · · · · · · · -0.12 · · · 0.030 4.98 -4.37 4.39 · · · 2.06 2.22 3.62 3.00 2.28
30 · · · · · · · · · · · · 0.07 · · · 0.002 0.05 0.06 0.07 · · · 0.03 0.02 0.03 0.03 0.03
45 0.72 0.151 16.27 1.630 -0.83 0.046 0.069 4.82 -4.73 2.74 4.90 0.77 0.83 3.33 2.10 2.90
45 0.19 0.007 0.39 0.004 0.15 0.004 0.005 0.12 0.13 0.16 0.14 0.05 0.04 0.05 0.05 0.06
70 3.00 0.238 26.56 2.124 -1.48 0.083 0.107 5.20 -4.49 4.90 6.02 2.21 2.66 3.91 3.36 2.78
70 0.15 0.007 0.26 0.004 0.11 0.003 0.003 0.08 0.08 0.09 0.09 0.03 0.02 0.03 0.04 0.04
74 2.57 0.238 23.37 2.316 -0.83 0.050 0.098 5.60 -5.90 5.12 6.00 2.18 2.29 4.80 3.06 2.67
74 0.19 0.008 0.33 0.006 0.13 0.003 0.004 0.08 0.09 0.11 0.10 0.04 0.02 0.04 0.04 0.04
91 3.22 0.109 22.30 2.244 -0.62 0.023 0.060 5.72 -6.25 5.28 6.06 1.74 1.78 3.92 3.51 2.35
91 0.33 0.016 0.63 0.011 0.24 0.006 0.007 0.19 0.21 0.24 0.22 0.08 0.05 0.08 0.08 0.09
135 1.27 0.120 21.00 1.878 -1.04 0.021 0.043 5.51 -4.75 4.35 5.52 1.97 2.34 3.96 2.34 3.32
135 0.22 0.009 0.42 0.005 0.16 0.004 0.004 0.11 0.12 0.14 0.13 0.05 0.03 0.05 0.05 0.06
152 1.28 0.219 21.18 1.757 -1.99 0.078 0.105 6.31 -5.33 4.84 · · · 1.76 2.05 4.30 3.25 2.67
152 0.14 0.005 0.26 0.003 0.11 0.003 0.003 0.07 0.08 0.09 · · · 0.03 0.02 0.03 0.03 0.04
217 1.15 0.217 22.64 2.207 -1.65 0.039 0.070 5.89 -6.21 3.95 6.41 1.79 2.01 4.51 2.54 2.47
217 0.13 0.005 0.20 0.003 0.08 0.002 0.002 0.06 0.07 0.08 0.07 0.03 0.02 0.03 0.03 0.03
Note—The indices have been corrected for galaxy velocity dispersion and aperture corrected. Table 14 is published in its entirety in the machine-
readable format. In the portion shown here for guidance regarding its form and content, the lines are wrapped such that the second line for each
galaxy lists the uncertainties.
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Table 15. Equivalent Widths of [O II] for
Cluster Members
Cluster ID EW [O II] σEW[OII]
A1689 368 6.6 1.1
A1689 508 10.6 2.3
A1689 724 24.1 2.2
A1689 752 6.3 1.2
A1689 814 5.8 0.4
A1689 906 7.6 1.7
A1689 972 6.2 0.3
A1689 1013 36.1 0.7
RXJ0056.2+2622 323 8.7 1.2
RXJ0056.2+2622 1054 30.9 1.5
RXJ0056.2+2622 1256 29.6 4.8
RXJ0056.2+2622 1391 91.5 12.3
RXJ0027.6+2616 1 8.2 0.4
RXJ0027.6+2616 760 3.9 0.4
RXJ0027.6+2616 841 30.6 3.7
RXJ0027.6+2616 1081 5.4 0.8
RXJ1347.5–1145 195 4.7 0.4
RXJ1347.5–1145 436 103.4 3.4
Table 16. Average and Composite Spectral Parameters
log σ 〈log σ〉 rms Ngal CN3883 (HδA + HγA)
′ log Fe4383 log C4668
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
Perseus:
2.05− 2.10 2.058 0.056 3 0.162 0.013 -0.054 0.006 0.605 0.029 0.825 0.015
2.10− 2.15 2.111 0.016 3 0.148 0.009 -0.050 0.005 0.500 0.033 0.777 0.015
2.15− 2.20 2.188 0.017 3 0.229 0.008 -0.085 0.004 0.665 0.019 0.813 0.012
2.20− 2.25 2.241 0.014 8 0.194 0.007 -0.088 0.003 0.671 0.013 0.848 0.007
2.25− 2.30 2.273 0.016 12 0.276 0.005 -0.101 0.002 0.687 0.010 0.852 0.006
2.30− 2.35 2.326 0.011 14 0.223 0.005 -0.089 0.002 0.652 0.010 0.866 0.005
2.35− 2.40 2.387 0.012 8 0.270 0.007 -0.104 0.003 0.730 0.012 0.931 0.006
≥ 2.40 2.476 0.049 10 0.276 0.006 -0.094 0.003 0.719 0.011 0.906 0.006
Abell 1689:
< 2.00 1.945 0.020 12 0.142 0.004 -0.068 0.001 0.601 0.009 0.752 0.006
2.00− 2.05 2.024 0.014 8 0.241 0.004 -0.079 0.001 0.656 0.007 0.774 0.005
2.05− 2.10 2.076 0.017 7 0.189 0.005 -0.079 0.001 0.662 0.009 0.805 0.006
2.10− 2.15 2.131 0.016 5 0.236 0.007 -0.090 0.002 0.673 0.010 0.810 0.007
2.15− 2.20 2.169 0.012 9 0.292 0.005 -0.091 0.001 0.651 0.007 0.812 0.005
2.20− 2.25 2.235 0.011 4 0.292 0.007 -0.086 0.002 0.574 0.014 0.858 0.007
2.25− 2.30 2.280 0.019 5 0.299 0.005 -0.098 0.001 0.662 0.008 0.876 0.004
2.30− 2.35 2.319 0.021 3 0.278 0.006 -0.100 0.002 0.700 0.009 0.868 0.006
2.35− 2.40 2.383 0.006 3 0.329 0.008 -0.111 0.002 0.695 0.009 0.932 0.005
≥ 2.40 2.449 0.000 2 0.312 0.009 -0.093 0.002 0.600 0.016 0.871 0.008
RXJ0056.2+2622:
< 2.00 1.962 0.023 10 0.146 0.003 -0.059 0.001 0.604 0.006 0.695 0.006
Table 16 continued
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Table 16 (continued)
log σ 〈log σ〉 rms Ngal CN3883 (HδA + HγA)
′ log Fe4383 log C4668
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
2.00− 2.05 2.076 0.019 8 0.204 0.002 -0.076 0.001 0.648 0.005 0.817 0.004
2.05− 2.10 2.033 0.011 5 0.184 0.004 -0.088 0.001 0.644 0.007 0.805 0.005
2.10− 2.15 2.111 0.011 2 0.211 0.005 -0.067 0.001 0.643 0.010 0.674 0.010
2.15− 2.20 2.176 0.007 2 0.188 0.005 -0.079 0.001 0.506 0.013 0.737 0.009
2.20− 2.25 2.230 0.019 3 0.265 0.004 -0.095 0.001 0.653 0.007 0.846 0.005
2.25− 2.30 2.280 0.015 6 0.263 0.003 -0.091 0.001 0.652 0.005 0.859 0.003
2.30− 2.35 2.323 0.012 4 0.273 0.003 -0.094 0.001 0.662 0.006 0.897 0.004
2.35− 2.40 2.373 0.017 5 0.276 0.002 -0.098 0.001 0.661 0.005 0.866 0.003
≥ 2.40 2.452 0.071 3 0.311 0.003 -0.097 0.001 0.658 0.007 0.893 0.004
RXJ0027.6+2616:
< 2.00 1.926 0.051 10 0.191 0.004 -0.057 0.001 0.548 0.008 0.610 0.007
2.00− 2.10 2.063 0.021 3 0.230 0.007 -0.057 0.001 0.539 0.013 0.767 0.008
2.10− 2.20 2.144 0.021 9 0.226 0.004 -0.064 0.001 0.595 0.006 0.781 0.004
2.20− 2.30 2.250 0.022 2 0.237 0.008 -0.052 0.002 0.600 0.015 0.742 0.011
2.30− 2.40 2.359 0.023 5 0.283 0.005 -0.079 0.001 0.640 0.009 0.851 0.005
≥ 2.40 2.425 0.023 2 0.294 0.006 -0.083 0.001 0.673 0.010 0.913 0.006
RXJ1347.5–1145:
< 2.00 1.955 0.051 6 0.127 0.003 -0.041 0.001 0.553 0.013 0.646 0.010
2.00− 2.10 2.043 0.036 4 0.132 0.003 -0.048 0.001 0.572 0.010 0.765 0.006
2.10− 2.15 2.126 0.018 8 0.170 0.003 -0.048 0.001 0.607 0.008 0.721 0.006
2.15− 2.20 2.174 0.014 6 0.151 0.003 -0.068 0.001 0.644 0.008 0.818 0.006
2.20− 2.30 2.259 0.043 6 0.218 0.004 -0.065 0.001 0.567 0.011 0.797 0.006
2.30− 2.40 2.349 0.006 4 0.230 0.004 -0.058 0.001 0.572 0.011 0.810 0.006
≥ 2.40 2.414 0.012 3 0.273 0.004 -0.064 0.001 0.654 0.011 0.807 0.007
MS0451.3–0306:
2.00− 2.10 2.071 0.019 8 0.187 0.003 -0.048 0.001 0.627 0.007 0.738 0.007
2.10− 2.20 2.118 0.009 5 0.199 0.004 -0.046 0.001 0.583 0.010 0.681 0.009
2.20− 2.25 2.190 0.021 4 0.251 0.004 -0.078 0.001 0.593 0.009 0.791 0.006
2.25− 2.30 2.277 0.013 5 0.243 0.004 -0.088 0.001 0.635 0.007 0.806 0.005
2.30− 2.35 2.335 0.012 5 0.242 0.003 -0.072 0.001 0.627 0.006 0.787 0.005
2.35− 2.40 2.383 0.020 4 0.237 0.004 -0.090 0.001 0.688 0.006 0.816 0.005
≥ 2.40 2.451 0.032 3 0.276 0.004 -0.075 0.001 0.672 0.007 0.858 0.005
RXJ0152.7–1357:
2.10− 2.20 2.060 0.034 2 0.207 0.007 -0.049 0.004 0.344 0.056 0.802 0.027
2.20− 2.25 2.180 0.018 4 0.220 0.005 -0.040 0.002 0.429 0.031 0.745 0.022
2.25− 2.30 2.273 0.012 3 0.239 0.005 -0.044 0.002 0.560 0.023 0.818 0.020
2.30− 2.35 2.329 0.018 5 0.262 0.004 -0.042 0.002 0.527 0.021 0.913 0.012
≥ 2.40 2.411 0.052 4 0.292 0.004 -0.054 0.002 0.519 0.025 0.870 0.015
RXJ1226.9+3332:
2.05− 2.10 2.027 0.042 9 0.207 0.002 -0.020 0.001 0.547 0.014 0.693 0.018
2.10− 2.15 2.128 0.012 7 0.222 0.004 -0.022 0.002 0.609 0.024 0.876 0.021
2.15− 2.20 2.175 0.011 4 0.204 0.004 -0.018 0.002 0.470 0.031 0.668 0.032
2.20− 2.30 2.225 0.018 3 0.293 0.004 -0.045 0.002 0.642 0.018 0.835 0.018
2.30− 2.40 2.295 0.038 4 0.240 0.004 -0.023 0.002 0.670 0.020 0.877 0.019
≥ 2.40 2.444 0.078 5 0.288 0.003 -0.062 0.001 0.597 0.020 0.906 0.013
Note—Column 1: Selection criteria for log σ. Column 2: Average log σ for selected galaxies. Column 3: Rms scatter
in 〈log σ〉. Column 4: Number of selected galaxies. Columns 5–12: Line indices and uncertainties, for Perseus the
luminosity weighted average of individual measurements, for z = 0.19 − 0.89 clusters line indices measured from
the composite spectra.
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Table 17. Spectral Lines Marked on Figures
Line Wavelength(s) [A˚] Notes
Hβ 4861.7 Balmer line
Hδ 4340.8 Balmer line
Hγ 4102.1 Balmer line
Hζ 3889.4 Balmer line
[O II] 3726.0, 3728.8 Oxygen emission line doublet marked at 3727A˚
[O III] 4958.9, 5006.8 Oxygen emission lines
CN3883 3780.0–3900.0 Broad absorption band, horizontal line marks the index passband
CaH, CaK 3933.7, 3968.5 Main calcium (CaII) lines
G-band 4282.6–4317.6 Broad absorption band marked at center of Lick/IDS index passband
Fe 4383.3, 4531.1, 5270.4, 5328.5 Main iron lines
C4668 4635.2–4721.5 Broad absorption band, horizontal line marks the Lick/IDS index passband
Mg 5167.3, 5172.7, 5183.6 Magnesium (MgI) triplet marked at 5175A˚
NaD 5889.9, 5895.9 Sodium doublet marked at 5893A˚
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Figure 22. Spectra of the galaxies that are considered members of Abell 1689. Black lines – the galaxy spectra, green lines –
the random noise multiplied by four. At the strong sky lines, the random noise underestimates the real noise due to systematic
errors in the sky subtraction. Some of the absorption lines are marked (Table 17). The locations of the emission lines from [O II]
and [O III] are also marked, though emission is only present in some of the galaxies. The location of the possible residuals from
the strong skyline at 5577A˚ is marked with blue dashed lines. The spectra shown in this figure have been processed as described
in the text. Only the first page of this figure appears in main journal. All component figures are available in the Figure set.
42
Figure 23. Spectra of the galaxies that are considered members of RXJ0056.2+2622. Black lines – the galaxy spectra, green
lines – the random noise multiplied by four. At the strong sky lines, the random noise underestimates the real noise due to
systematic errors in the sky subtraction. Some of the absorption lines are marked (Table 17). The locations of the emission
lines from [O II] and [O III] are also marked, though emission is only present in some of the galaxies. The location of the
possible residuals from the strong skyline at 5577A˚ is marked with blue dashed lines. The spectra shown in this figure have
been processed as described in the text. Only the first page of this figure appears in main journal. All component figures are
available in the Figure set.
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Figure 24. Spectra of the galaxies that are considered members of RXJ0027.6+2616 or of the foreground group. The latter is
labelled “group” and displayed last in the panels. Black lines – the galaxy spectra, green lines – the random noise multiplied by
four. At the strong sky lines, the random noise underestimates the real noise due to systematic errors in the sky subtraction.
Some of the absorption lines are marked (Table 17). The locations of the emission lines from [O II] and [O III] are also marked,
though emission is only present in some of the galaxies. The location of the possible residuals from the strong skyline at 5577A˚
is marked with blue dashed lines. The spectra shown in this figure have been processed as described in the text. Only the first
page of this figure appears in main journal. All component figures are available in the Figure set.
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Figure 25. Spectra of the galaxies that are considered members of RXJ1347.5–1137. Black lines – the galaxy spectra, green
lines – the random noise multiplied by four. At the strong sky lines, the random noise underestimates the real noise due to
systematic errors in the sky subtraction. Some of the absorption lines are marked (Table 17). The locations of the emission
lines from [O II] and [O III] are also marked, though emission is only present in some of the galaxies. The location of the
possible residuals from the strong skyline at 5577A˚ is marked with blue dashed lines. The spectra shown in this figure have
been processed as described in the text. Only the first page of this figure appears in main journal. All component figures are
available in the Figure set.
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